Studie van de pili op nanoschaal in de probiotische stam Lactobacillus rhamnosus GG by Tripathi, Prachi
 
 
 
 
 
 
 
 
Nanoscale study of pili from the probiotic 
Lactobacillus rhamnosus GG 
 
Prachi TRIPATHI 
Dissertation presented in partial 
fulfillment of the requirements  
for the degree of Doctor in 
Bioscience Engineering 
January 2014 
Supervisors: 
Prof. Jos Vanderleyden, KU Leuven 
Prof. Yves F. Dufrêne, Université catholique de Louvain 
Prof. Sarah Lebeer, KU Leuven & Universiteit Antwerpen 
 
Members of the Examination Committee: 
Prof. René De Mot, KU Leuven 
Prof. Johan Hofkens, KU Leuven 
Prof. Pascal Hols, Université catholique de Louvain 
Dr. Gregory Francius, Université de Lorraine, France 
Doctoraatsproefschrift nr.1164 aan de faculteit Bio-ingenieurswetenschappen van de KU Leuven 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2014 KU Leuven, Science, Engineering & Technology, Arenberg Doctoraatsschool, W. Dr Croylaan 6, 
3001, Heverlee, Belgium 
 
 
Alle rechten voorbehouden. Niets uit deze uitgave mag worden vermenigvuldigd en/of openbaar gemaakt 
worden door middel van druk, fotokopie, microfilm, elektronisch of op welke andere wijze ook zonder 
voorafgaandelijke schriftelijke toestemming van de uitgever. 
 
All rights reserved. No part of the publication may be reproduced in any form by print, photoprint, microfilm, 
electronic or any other means without written permission from the publisher. 
 
ISBN 978-90-8826-345-3 
D/ 2014/11.109/5 
 
 
 
ACKNOWLEDGEMENTS 
 
It’s a happy time. The three people whose guidance and support brought me to 
this point are my supervisors Professor Jos Vanderleyden, Professor Yves 
Dufrêne and Professor Sarah Lebeer. Throughout the course of this PhD, Jos 
has never ceased to surprise me with his generosity and good-naturedness. It 
was a life lesson to see that someone with so many duties and responsibilities 
could have so much patience when I told him I had failed the stats exam…twice! 
Jos never gave up when the project seemed to go nowhere. I have learnt so 
much from Jos’s power to reason. Thank you so much Jos. Yves came into the 
picture as he was kind enough to accept me in his group under the framework of 
a collaboration. Yves was generous in sharing with me his time, his knowledge 
and the lab’s resources. Whenever I was behind schedule, he showed patience 
with my belatedness. He impressed me with his constant involvement and 
approachability. Yves was also very considerate and allowed me the comfort of 
working at home on most days during the writing of this thesis. Thank you Yves. 
Sarah was the person who came up with the idea to investigate the pili. Her 
sympathy and concern for me when we could not ‘see’ any pili for the first three 
months was such a comfort. Equally heartwarming was her reaction when we 
obtained encouraging results. Even if it had to be a quick, short meeting at her 
house, Sarah was always available for me. She always has solutions that are real 
and workable. From shaping the project to helping me with translations, Sarah 
has been involved with the big and the small of this thesis. Thank you Sarah. 
I am very thankful towards all the examination committee members who have 
helped shape this thesis and sand off the rough edges. Professor Robert 
Schoonheydt I thank for his consent to chair the committee. Thank you for your 
kind words, your calm demeanor and the way you steered the preliminary 
defense to make it a learning experience. Professor René De Mot and Professor 
Johan Hofkens I thank for their involvement in my work by way of the annual 
meetings. Professor De Mot has been actively involved in the work and 
contributed a lot in those meeting hours and beyond. I am grateful that he has 
gone my thesis manuscript very thoroughly. Professor Hofkens has helped with 
his insightful comments and some questions raised by him have especially 
helped me in shaping my thesis. I thank Professor Pascal Hols for his valuable 
suggestions and his cheerful disposition. What a nice gesture it was when I 
handed him my manuscript and he said, “I will go through it with great 
enthusiasm.” I thank Dr. Gregory Francius who graciously accepted to be on the 
committee and to travel a long way to get to Leuven. His excellently organized 
comments helped me in improving the thesis and making it more informative. 
Above all I appreciate his good-naturedness.  
Guillaume, Vincent and Sylvie became my mentors for AFM and its use in the 
study of microbes. It was while working with Guillaume that I succeeded in 
imaging pili for the first time. His depth of knowledge and skill at experimentation 
helped me a lot. Vincent, who with his calm demeanor could make a priest look 
like a monkey, was a major contributor to my work. He helped me get some of 
the finest AFM images I have of LGG and its pili. Sylvie introduced me to the 
technical aspects of AFM. She deserves a big thank you. She has never 
complained about having to walk around and up and down the stairs the 
numerous times I have asked her to help me with the workings of the AFM. It was 
Audrey who looked at my data and first noticed the AFM curves bearing the 
nanospring signature. Audrey has on so many occasions taken charge and 
infused fresh life into my work. And she bakes the best ‘klug’. Not far behind is 
Sofiane with his tartiflette and vin chaude that I have had the pleasure of 
sampling on more than one occasion. Thank you Super So6 for all your kindness 
and help with almost anything from AFM troubleshooting to transportation. Ruby 
became part of team much around the same time as I was engaged with the last 
part of my work, and boy! did she jump in and work like crazy to bring out the final 
paper. Ruby’s hard work and resourcefulness in introducing new ideas and 
methods to the lab is an asset. Philippe I have to thank for the lively 
conversations in the office and for introducing me to gummy bears. I thank David 
for assistance with troubleshooting and the tremendous help I received from him 
when he stepped in during the revision for one paper we wrote. I thank the 
Masters students, present and former, for their lively presence in the group. It 
would be infidelity if I forgot to mention Hye-Rim Park who brought so much 
energy and excitement in my life through the places we travelled and events we 
attended. Françoise and Rose-Anne at the secretariat in UCL were always kind 
and helpful. They managed to smile through providing stationery, ordering 
consumables and also helping me in my struggle against the ‘moody’ 
photocopier. Yasmine was very helpful in teaching me about the technical 
aspects of some instruments in the lab. I thank Christine Dupont and her team 
members who came up with interesting questions and initiated lively discussions 
during the routine seminars. I thank Arnaud Delcorte and Eric Gaigneaux and 
their team members who made occasions like the annual Christmas party livelier 
with their presence.  
At CMPG, first and foremost, I have to thank Ingmar. He has always helped me 
anytime I wrote to or visited him with a problem. Ingmar has corrected my 
manuscripts, offered exciting research ideas and most recently translated my 
English texts such as the abstract of this thesis to NL. Hanna and Marijke, I hope 
you continue on the exciting tracks you are on and make major contributions to 
LGG biology. I thank you for sharing your brilliant ideas with me. And thank you 
for supplying me with the all-important proteins and antibodies for my 
experiments. I thank Lyn Venken for her kindness and warmth anytime I ran into 
her during my visits to CMPG. I thank Shweta and Akanksha for helping me with 
so many things, in the office and at home. I thank Tine, Geert, David and Ami for 
technical help and conversations. I thank André and Jos, André for the nice little 
conversations in the corridors and Jos for not losing his patience when I forgot 
my intranet i.d. more than once and asked him to help. At KUL, Geert Vanpaemel 
I thank for giving me the chance to join his ‘history of science’ study course and 
Chris van Haesendonck for allowing me to attend his great lectures on scanning 
probe microscopy. Rob Lavigne is a fantastic teacher and a nice person. I thank 
our collaborators Professor Willem M. de Vos, Professor Airi Palva and Dr. 
Ingemar von Ossowski for providing valuable materials and ideas. I also thank 
James K. Li and Professor Yves-Jacques Schneider for their collaboration on the 
cell probe work. Special thanks to Sarah, Guillaume, David, Ingmar, Claire and 
Mariya for indirectly helping me all those times when I consulted their PhD theses 
during my work. Mariya answered so many questions. 
Anita Vermassen arranged travel, refunds and many other things. Thank you 
Anita for being so efficient, you sure made life easier for me while I lived and 
worked in LLN. Thanks is due to Karlien too who took care of my dealings with 
Anita when Anita was away. Professor Bruno Cammue and Professor Dirk De 
Vos were very helpful in timely completion of paperwork. Leen Cuypers, Sarah de 
Smet and Yvette Dupont I thank for not going to court and getting restraining 
orders against me in spite of me badgering them day after day about the 
technicalities and paperwork related to thesis defense. I thank Marie-Thérèse 
Deloddere, Eveline Gielen, Vicky Wandels, Sandrine Debecker, Tessa Krols, 
Heidi Lowet at the KUL international office for taking care of my funding and 
health insurance. Thanks to Erasmus Mundus External Co-operation Window 
Lot-13 for the fellowship that brought me to Belgium and sustained me for the 
major part of this PhD. I thank Alphonsa Lourdudoss and Mohammad Saleh of 
KTH for arranging my travel and health insurance. I thank Arenberg Doctoral 
School for a six-month long extension. Thanks are due to Jos and Sarah for 
approving a further 2 months of extension. 
The greatest blessing of my life is that I was born to parents who love, respect 
and support me with everything they have. Anything I say or write will fall short of 
expressing the extent of my love for them and my achievements are as much 
theirs as they are mine. My brother has also been a wonderful companion to me 
and I thank him for all the encouragement and praise he always has for me. My 
grandfather and Nirmal Mama were my earliest inspirations to study life sciences. 
I thank them for their continued support and love. I thank Bhoopi Mama, Asha 
Mami and their wonderful children for their love and encouragement. I also thank 
Manju Bua and Fufaji for their love. I thank my cousins Ankit and Apoorva for 
their friendship and support.  
‘Big thanks’ is due to my friends Aditi and Sourav. They gave me Indian food and 
conversations in Hindi…in short a second home in Belgium. I thank my friend 
Nandu who is such a unique human being. Geetanjali, I appreciate you so much 
for your dedication to work and wish there were more doctors like you. I also 
thank my friends Isabelle and Merel for the interesting conversations and their 
continued support. Thank you Astha Chandra, my dear childhood friend.  
I thank Alok: my companion of six years, my partner in crime, my co-traveller and 
my sous-chef. I am deliriously happy to have you in my life and in my heart. And 
yes, thanks for making me realize there are things in life more important than a 
PhD thesis. In all my work and beyond, I have received a lot of support and 
encouragement from my parents in my extended family. I thank them a lot for it. I 
would like to thank my hamsters Mr. Grey and Doki-Doki and my goldfishes. 
Sheru, you are sorely missed. I would like to thank all those cool, inspiring 
scientists I met and the friends I made at conferences and symposia. I would like 
to thank Belgian chocolatiers and brewers, who make the terrible weather so 
much more bearable.  
I seek forgiveness from people whose names and contributions I have forgotten 
to mention. It is inadvertent and deeply regretted. Once again, I thank everyone 
who has contributed to this work through actions, words or silent blessings. 
Thank you all. 
 
 
 
January 2014 
 
Prachi  
 
TABLE OF CONTENTS 
 
Abstract ................................................................................................................................ i 
Samenvatting ..................................................................................................................... iii 
List of abbreviations .......................................................................................................... v 
 
Scope and outline of the thesis .......................................................................................... 1 
Chapter 1. Introduction .................................................................................................... 7 
1.1. Probiotic bacteria ........................................................................................................ 7 
 
1.1.1. Applications of probiotics .................................................................................................. 8 
1.1.2. Probiotic lactobacilli .......................................................................................................... 9 
1.1.3. Lactobacillus rhamnosus GG (LGG) ............................................................................... 10 
1.1.4. Gram-positive bacterial cell wall ..................................................................................... 12 
1.2. Bacterial pili .............................................................................................................. 16 
1.2.1. Gram-negative bacterial pili ............................................................................................. 18 
1.2.2. Gram-positive bacterial pili .............................................................................................. 23 
1.2.3. LGG pili ........................................................................................................................... 30 
1.2.4. Probing bacterial pili ........................................................................................................ 34 
1.3. Atomic force microscopy (AFM) ............................................................................. 37 
1.3.1. Introduction ...................................................................................................................... 37 
1.3.2. General principles of AFM .............................................................................................. 37 
1.3.3. Sample and tip preparation for AFM ............................................................................... 46 
1.3.4. Recent progress in microbiological AFM ........................................................................ 52 
 
 
Chaper 2. Deciphering the Nanometer-Scale Organization and Assembly of  
Lactobacillus rhamnosus GG Pili using Atomic Force Microscopy ............................. 55 
 
Chaper 3. Adhesion and Nanomechanics of Pili from the Probiotic 
Lactobacillus rhamnosus GG ........................................................................................... 73 
 
Chapter 4. Single-Cell Force Spectroscopy of pili-mediated adhesion ..................... 105 
 
Chapter 5. Discussion, conclusions and perspectives ................................................. 128 
5.1. Methodological improvements ............................................................................... 128 
5.2. Structure and assembly of LGG pili ..................................................................... 130 
5.2.1. Isolated pili form star-like assemblies on mica .............................................................. 130 
5.2.2. Centrifugation of pili triggers the formation of bundle-like assemblies on mica ........... 131 
5.2.3. Towards new applications in nanobiotechnology ........................................................... 132 
5.3. The LGG pilus shows remarkable adhesion and nanomechanical 
properties ........................................................................................................................ 133 
5.3.1. SpaC mediates homophilic adhesion .............................................................................. 133 
5.3.2. SpaC exhibits binding capacity towards mucin and collagen ........................................ 135 
5.3.3. LGG pili show zipper-like adhesion and nanospring behavior ...................................... 136 
5.4. Single LGG cells use nanosprings and nanotethers to colonize surfaces ........... 139 
5.5. Perspectives ............................................................................................................. 141 
 
References ....................................................................................................................... 145 
 
Appendices 
 
Appendix 1 Towards a nanoscale view of lactic acid bacteria ................................... 169 
 
Appendix 2 AFM study of variability in pili expression in different LGG 
stocks ............................................................................................................................... 179 
 
Appendix 3 Variability in expression of pili in recombinant Lactococcus lactis ...... 189 
 
List of publications ......................................................................................................... 201 
 
 
 i 
Abstract 
Pili are long and flexible proteinaceous filaments that project outwards 
from bacterial cell walls and are found both in Gram-negative and Gram-positive 
strains. These appendages play major roles in promoting adhesion of the 
bacteria to other bacteria, host tissue and abiotic substrates, thereby leading to 
host colonization and biofilm formation. Knowledge of the molecular mechanisms 
of pili-mediated adhesion is critical to our understanding of their functional roles, 
and offers the possibility of controlling the adhesion of pathogens and probiotics. 
While much progress has been made in the characterization of pili from Gram-
negative bacteria, especially the pathogenic strains, the adhesive and 
mechanical properties of Gram-positive bacterial pili remain relatively unknown. 
The aim of this thesis was to gain detailed insights into the nanoscale 
surface properties of the clinically and commercially important probiotic bacterium 
Lactobacillus rhamnosus GG (LGG), with emphasis on cell surface pili. The 
methodology to reach this goal involved the improvement and use of advanced 
atomic force microscopy (AFM) methods, including bacterial sample preparation 
(pili and cell immobilization), AFM cantilever functionalization (with biomolecules 
or bacteria), preparation of chemically-modified model surfaces and imaging and 
force probing single-molecules and single-cells. 
Using these nanotechniques, we first showed that AFM is a powerful tool 
to image the nanoscale structure, organization and assembly of LGG pili. AFM 
images revealed intact pili on cells and also star-like assemblies formed by 
detached pili fragments. We demonstrated a simple two-step centrifugation 
procedure to separate large amounts of pili from cells, even though through their 
synthesis the pili are covalently anchored to the cell wall. We also found that the 
centrifuged pili assemble as long bundles, which we believe originate from a 
complex interplay of mechanical effects and biomolecular interactions involving 
the SpaC adhesin of LGG pili. 
Next, single-molecule force spectroscopy (SMFS) enabled us to unravel 
the binding mechanism of pili at the single-molecule level. The results showed 
that SpaC is a multifunctional adhesin with broad specificity. SpaC forms 
homophilic trans-interactions engaged in bacterial aggregation, and specifically 
binds mucin and collagen, two major extracellular components of host epithelial 
 ii 
layers. Also, pulling experiments on living bacteria demonstrated that LGG pili 
exhibit two unique mechanical responses, i.e. zipper-like adhesion involving 
sequential binding between SpaC subunits, and nanospring properties that 
manifest as a change in stiffness in response to increasing force. These 
mechanical properties may represent a generic mechanism among Gram-positive 
bacterial pili for strengthening adhesion and withstanding shear stress in the 
natural environment. 
Finally, we used single-cell force spectroscopy (SCFS) to quantify the 
forces guiding the adhesion of whole LGG bacteria to hydrophobic surfaces, 
mucin and human epithelial (Caco-2) cells. On hydrophobic surfaces and mucin, 
bacterial pili were shown to strengthen adhesion through nanospring properties. 
This nanospring type mechanical response was no longer observed on Caco-2 
cells. Rather, the force curves exhibited constant force plateaus with extended 
rupture lengths reflecting the extraction of membrane nanotethers from the Caco-
2 cells. 
All together, our single-molecule and single-cell analyses provide novel 
insights into the molecular mechanisms by which piliated bacteria colonize 
surfaces, and offer exciting avenues in nanomedicine for understanding and 
controlling the adhesion of microbial cells of probiotic or pathogenic nature. 
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Samenvatting 
 
Pili of fimbriae zijn lange flexibele eiwitfilamenten op de celwand van zowel 
Gramnegatieve als Grampositieve bacteriën. Deze draadachtige structuren 
spelen een belangrijke rol in het promoten van de adhesie van bacteriën aan 
andere bacteriën, aan gastheercellen en aan abiotische oppervlakten, waarbij ze 
vaak leiden tot biofilmvorming en kolonisatie van de gastheer. De kennis omtrent 
de moleculaire mechanismen van pili-gemedieerde-adhesie is cruciaal voor het 
begrijpen van hun functionele rol en kan leiden tot nieuwe manieren om de 
adhesie van pathogenen en probiotica te controleren. Hoewel er reeds heel wat 
progressie gemaakt is in de karakterisatie van pili bij Gramnegatieve bacteriën, 
vooral bij pathogene stammen, blijven de adhesieve en mechanische 
eigenschappen van pili bij Grampositieve bacterien relatief ongekend. 
Het doel van deze thesis was om nieuwe inzichten te krijgen in de 
oppervlakte-eigenschappen van de klinisch en commercieel belangrijke 
probiotische stam Lactobacillus rhamnosus GG (LGG) op nanoschaal, met de 
nadruk op het bestuderen van de pili. Om dit doel te bereiken werd 
atoomkrachtmicroscopie (‘atomic force microscopy’ of AFM) gebruikt. Hiervoor 
werden methoden geoptimaliseerd voor de bacteriële staalvoorbereiding (pili en 
celimmobilisatie), de functionalisatie van de AFM ‘cantilever’ (met biomoleculen 
en bacteriën), het klaarmaken van chemisch behandelde modeloppervlakken, de 
beeldvorming en de ‘force probing’ van afzonderlijke moleculen en cellen. 
Door gebruik te maken van deze nanotechnologie hebben we het 
potentieel van AFM kunnen onderstrepen voor het visualiseren van de structuur, 
organisatie en ‘assembly’ van Pili van LGG op nanoschaal. AFM beelden 
toonden intacte pili op LGG cellen. Daarnaast konden ook typische stervormige 
assemblages van afgebroken pili worden waargenomen. We toonden aan dat via 
een centrifugatie in twee stadia grote hoeveelheden pili konden worden 
gescheiden van cellen, zelfs al worden pili tijdens hun synthese covalent 
gebonden aan de celwand. Bovendien konden we ook observeren dat na 
centrifugatie de pili assembleerden als lange bundels, die waarschijnlijk ontstaan 
door zowel mechanische als complexe biomoleculaire interacties, met het SpaC 
adhesine van pili van LGG centraal. 
 iv 
Verder hebben we met behulp van ‘single-molecule force spectroscopy 
(SMFS) het mechanisme van de binding van LGG pili kunnen verklaren. De 
resultaten tonen aan dat SpaC een multifunctioneel adhesine is met een brede 
specificiteit. SpaC vormt homofiele trans-interacties belangrijk bij bacteriële 
integratie en bindt specifiek aan mucine en collageen, twee belangrijke 
extracellulaire componenten van het gastheerepitheel. Daarnaast vertoonde pili 
van LGG twee unieke mechanische eigenschappen, nl. de ‘ritssluiting’-achtige 
adhesie door de opeenvolgende binding tussen verschillende SpaC 
subeenheden en de ‘nano-veer’ eigenschappen die correspondeerde met een 
wijziging in stijfheid in relatie tot de gebruikte kracht. Deze mechanische 
eigenschappen van pili kunnen een algemeen mechanisme bij Grampositieve 
bacteriën voorstellen dat zorgt voor een sterkere adhesie en bescherming tegen 
trekkrachten in de natuur. 
 Tenslotte hebben we ‘single-cell force spectroscopy’ (SCFS) gebruikt om 
de adhesiekrachten te kwantificeren tussen LGG cellen en hydrofobe 
oppervlakten, mucine en humane epitheelcellen (Caco-2). Op hydrofobe 
oppervlakten en mucine kon worden aangetoond dat pili de adhesie versterkten 
door ‘nano-veer’ eigenschappen. Deze ‘nano-veer’ type respons werd niet gezien 
bij aanhechting aan Caco-2 cellen. Echter, hier vertoonden de krachtcurves een 
constante kracht met langere ‘breeklengten’, wat wijst op de extractie van 
‘nanotheters’ van het membraan van de Caco-2 cellen. 
Samengevat hebben de analyses op afzonderlijke moleculen en cellen 
nieuwe inzichten geleverd in de moleculaire mechanismen van de kolonisatie 
door bacteriën met pili. Bovendien leveren deze data interessante mogelijkheden 
voor de nanogeneeskunde voor het beter begrijpen en controleren van de 
adhesie van bacteriën van zowel pathogene als probiotische aard. 
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Scope and outline of the thesis 
 Probiotic bacteria are living microorganisms that, when administered in 
adequate amounts, confer health benefits upon the host 1, 2. Probiotics are 
believed to contribute to human health through several mechanisms, including 
competitive exclusion of pathogenic bacteria, reinforcement of the intestinal 
epithelial barrier, and modulation of the immune system of the host, particularly in 
the small intestine 3, 4. Consistent with this notion, probiotics have great potential 
in medicine, in the prevention and treatment of gastrointestinal (GI) infections, 
inflammation and allergic reactions or as carrier and adjuvant in vaccination 5. 
Although, probiotics have been largely studied and utilized with regard to their 
beneficial effects on host GI tract, they have also been found to exert positive 
influence on urinogenital and oral health 6, 7.  
The optimized use of probiotics for improving human health requires a 
detailed understanding of their interactions with host cells. Key players in these 
bacteria-host interactions are the macromolecules that constitute the bacterial 
cell wall. In Gram-negative bacteria, the cell envelope consists of an outer 
membrane attached to underlying peptidoglycan, and an inner membrane. An 
aqueous periplasmic space lies between the outer and inner membrane and this 
compartment contains proteins that have diverse functions 8. In Gram-positive 
bacteria, the cytoplasmic membrane is covered by a thicker layer of 
peptidoglycan measuring 30 to 50 nm, grafted with proteins and different 
glycopolymers like polysaccharides and teichoic acids 9, 10. Notably, the Gram-
positive cell envelope lacks the outer membrane found in Gram-negative bacteria 
8. Moreover, for many bacterial species, the cell wall constituents can be covered 
by additional surface layers in the form of polysaccharide capsules, surface 
appendages (e.g. pili and flagella) or regular crystalline arrays of (glyco) proteins, 
the so-called S-layers 11. Today, much is known about the structure and 
biosynthesis of bacterial cell wall constituents, but their three-dimensional 
organization and biophysical properties (elasticity, adhesion) are not yet 
completely understood. This emphasizes the need to develop and apply high-
resolution techniques to characterize and quantify the molecular characteristics of 
the cell surface of probiotic strains. 
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With its ability to observe single cells at nanometer resolution, to monitor 
structural dynamics in response to environmental stimuli, and to detect and 
manipulate single-cell surface constituents, atomic force microscopy (AFM) has 
provided a wealth of opportunities to study the structure-function relationships of 
cell surfaces 12-14. In this thesis, we aimed to gain detailed molecular insights into 
the nanoscale properties of the cell wall of probiotic bacterial strain Lactobacillus 
rhamnosus GG (LGG), with an emphasis on the recently discovered pili, i.e. 
nanoscale fibrous extracellular appendages that fulfill various key functions 
including promoting mucus adherence 15. Here, we worked towards developing 
advanced AFM-based methodologies for cell surface and pili analysis (improved 
procedures for sample preparation and tip modifications, high-resolution imaging, 
single-molecule and single-cell manipulations), and applying these nanotools to 
purified pili proteins or to whole LGG cells. This approach also involved the use of 
mutants lacking in pili or polysaccharide production in order to deepen our 
understanding of how pili contribute to biological processes such as adhesion 
and host colonization.  
 
To sum up, the objective of this work was to investigate the nanoscale 
surface properties of the LGG cell wall, with pili as the focus. The broader aim 
was to contribute to our current understanding of the nature of pili mediated 
adhesion, a widely prevalent strategy for bacterium-host interaction. 
Understandably, any such novel information about the ‘mode of action’ of pili has 
the potential to open up exciting avenues leading to enhancement and fine-tuning 
of the probiotic action. 
 
To achieve this objective, the research strategy involved: 
 
(i) the improvement of AFM procedures for their application to the 
bacterial species in question i.e. LGG. This includes bacterial 
sample preparation (immobilization), AFM tip functionalization with 
relevant biomolecules and bacterial cells, preparation of chemically-
modified model surfaces, imaging and force probing live cells. 
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(ii) imaging the LGG cells in dry and the physiologically relevant liquid 
environment to study the cell wall topography and wall appendages 
called pili. 
(iii) isolation of pili by mechanically separating them from cells in order 
to study their fine structure and behavior. 
(iv) imaging and force probing LGG mutants that differ in cell-wall 
features from the wild-type cells. 
(v) probing purified LGG pilus adhesin SpaC with SMFS to quantify the 
forces driving adhesion to model surfaces (SpaC, mucin, collagen) 
and live LGG cells. 
(vi) probing single LGG cell immobilized on AFM cantilevers using 
SCFS to measure the adhesion forces towards hydrophobic 
monolayers, mucin and intestinal cells. 
 
This thesis consists of five chapters and three appendices organized as follows. 
Chapter 1 is a detailed introduction to probiotics to establish a background and 
rationale for this work. The chapter also elaborates on the structural and 
functional aspects of pili and their modes of assembly. Finally, there is an 
overview of atomic force microscopy and how this technique has been 
extensively used to study microbes. 
Chapter 2 is an AFM imaging study of LGG cells, with special emphasis on pili. 
Pili were observed attached to LGG cells and as detached whole filaments or 
fragments thereof. A two-step centrifugation procedure also allowed us to study 
isolated pili. This work is presented in the form of the following published 
research article: 
Tripathi, P., Dupres, V., Beaussart, A., Lebeer, S., Claes, I., Vanderleyden, J. 
and Dufrêne, Y.F. (2012) Deciphering the Nanometer-Scale Organization and 
Assembly of Lactobacillus rhamnosus GG Pili Using Atomic Force Microscopy. 
Langmuir 28 (4), 2211–2216. 
Chapter 3 develops upon the theme of pili-mediated interactions, primarily 
through the use of SMFS. The technique was used to study the interaction 
between an AFM tip modified with the LGG pilus adhesin SpaC with model 
4	  	  
	   4	  
surfaces bearing SpaC, mucin and collagen. Finally, SMFS performed with SpaC 
tip on live LGG cells gave vital clues about LGG-host interaction. This study is 
presented as the published research article: 
Tripathi, P.*, Beaussart, A.*, Dupres, V., Claes, I., Von Ossowski, I., De Vos, W., 
Palva, A., Lebeer, S., Vanderleyden, J. and Dufrêne, Y.F. (2013) Adhesion and 
Nanomechanics of Pili from the Probiotic Lactobacillus rhamnosus GG. ACS 
Nano 7 (4), 3685-3697. (* joint first authors)                 
Chapter 4 consists of SCFS studies conducted with live LGG cells attached to 
AFM tips. This setup was used to probe mucin and collagen surfaces, and finally 
the surface of human epithelial Caco-2 cells.  This part of the work is presented 
as the published research article: 
Sullan, R.M.A.*, Beaussart, A.*, Tripathi, P., Derclaye, S., El-Kirat-Chatel,   S., 
Li, J.K., Schneider, Y., Vanderleyden, J., Lebeer, S. and Dufrêne, Y.F. Single-
Cell Force Spectroscopy of Pili-Mediated Adhesion. Nanoscale 6 (2), 1134-1143. 
(* joint first authors)  
Chapter 5 essentially sums up the thesis by discussing the results obtained and 
using these to draw conclusions about pili-mediated adhesion in LGG. Possible 
avenues for future work are also elaborated upon.  
 
The final part of this thesis includes three appendices dealing with the short 
projects undertaken during this doctoral work. These are as follows: 
Appendix 1 Tripathi, P., Beaussart, A., Andre, G., Rolain, T., Lebeer, S., 
Vanderleyden, J., Hols, P. and Dufrêne, Y.F. (2012) Towards a Nanoscale View 
of Lactic Acid Bacteria. Micron 43 (12), 1323-1330.                               
Appendix 2 AFM study of variability in pili expression in different LGG stocks.     
Appendix 3 Variability in expression of pili in recombinant Lactococcus lactis.                                                                                                                                    
 
 
	  
5	  	  
	   5	  
	  
	  
	  
	  
	  
	  
	  
	  
CHAPTER 1 
 
Introduction 
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1.1. Probiotic bacteria 
Probiotics have been defined in various ways ever since they began to 
gain popularity. The current, widely-accepted definition by the World Health 
Organization (WHO) calls them “live microorganisms that, when administered in 
adequate amounts, confer a health benefit on the host” 16. At present, the popular 
commercially available probiotics include strains of Lactobacillus, Bifidobacterium 
and some yeasts. In fact, over ten Lactobacillus strains are currently available in 
daily products and supplemental form 17. Some of these are L. rhamnosus GG 
(LGG), Lactobacillus johnsonii NCC 533, Lactobacillus casei Shirota, 
Lactobacillus reuteri MM53 and Lactobacillus rhamnosus GR-1 (LGR-1) 18. 
Traditionally, probiotic bacteria have been used in various cultures to enhance 
the flavor and nutritive value of foods.  
 
 
 
Figure 1. Common modes of probiotic action. (a) Probiotic bacteria (yellow) can 
compete with pathogens (grey) by occupying host colonization sites and producing 
antimicrobials. (b) Probiotic bacteria can compete with pathogens for nutritional 
molecules. (c) Probiotic bacteria can lead to enhanced mucus secretion. (d) 
Enhancement of host adaptive immunity and immunomodulation by probiotic bacteria is 
an important aspect of probiotic action mechanism. (e) Probiotic bacteria can strengthen 
the epithelial cell barrier by preserving tight junctions. (f) Probiotics can also exert anti-
apoptotic effects on host epithelial cells. (Adapted from reference 3) 
To be regarded as a probiotic, the organism should have certain 
characteristics that include aspects beyond the purported major health benefit. 
Important among these are the ability of the microorganism to multiply well in the 
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host environment, absence of pathogenic or toxic effects in the host, good 
adhesion capacity and residence time in the host, inhibitory action towards 
pathogens and resistance to rigors of manufacturing processes 4, 19. Accurate 
characterization of the strain is also a key aspect of probiotic utilization, as the 
probiotic effect is strain-specific 20. Broadly, three major mechanisms have been 
proposed for the health benefits conferred by lactobacilli, but are applicable to 
any probiotic bacterium to a greater or lesser extent. These are pathogen 
inhibition and exclusion, enhancement of epithelial barrier, and 
immunomodulation (Figure 1) 3. The first and commonly exhorted activity of 
probiotic bacteria is maintenance of a balanced microbial community in the host 
and inhibition of pathogenic bacteria 21, 22. This may be done through direct 
physical interference as seen in the competition for host binding sites or 
nutritional molecules (Figure 1a, b). Indirectly, probiotic bacteria may challenge 
their pathogenic counterparts through the production of pathogen-inhibiting 
compounds such as lactic acid and/or bacteriocins (Figure 1a) 3, 23. Probiotic 
bacteria may also disrupt quorum sensing signaling agents of pathogens through 
enzymes that degrade or interfere with the production of such molecules 4. Along 
with this role in pathogen inhibition and exclusion, another mechanism by which 
probiotic bacteria exert health benefits is by participating in interactions that 
strengthen and maintain the integrity of the epithelial barrier, thus reinforcing a 
line of defense that is targeted by invading pathogens and other assaults such as 
those of toxins and allergens. This is accomplished through activities such as 
preservation of tight junctions, enhanced expression of cytoprotective molecules 
and prevention of epithelial cell apoptosis (Figure 1e, f) 24.  Immunomodulation is 
a third mechanism by which probiotic bacteria contribute to good health of the 
host (Figure 1d). For instance, the interaction of probiotic bacteria with gut-
associated lymphoid tissue (GALT) and its various components can modulate 
their immune responses leading to protective anti-inflammatory effects 25. 
1.1.1. Applications of probiotics 
Foods with purported health benefits have traditionally been a part of the 
diet in many cultures around the globe. In the last few decades, however, an 
increase in the consumption of processed foods coupled with sedentary lifestyles 
has led to an upsurge in diseases associated with an unhealthy lifestyle. Also, 
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commercial-scale sterilization of foods to eliminate pathogenic microbes has led 
to a sweeping reduction in ingestion of all kinds of microbes (harmful, benign or 
beneficial), especially in the developed world. With all these issues coming to 
light, there is growing awareness about nutraceuticals, functional foods and other 
self-care products. Consequently, the scientific and commercial interest in such 
foods has grown by leaps and bounds in the past few years 26. 
Functionally, the main and widely-regarded health benefit of probiotics is 
their ability to maintain a healthy microbial balance in their natural colonization 
sites in the human host.  In addition to the already mentioned mechanisms of the 
prophylactic and therapeutic effects of probiotics, they also exert nutritional 
benefits. Notable nutritional effects of probiotics include increase in bioavailability 
of nutrients (folic acid, niacin), degradation of antinutrient factors (tannins and 
phytates), and enhancement of mineral absorption (chloride) and production of 
growth factors (spermin, spermidin) 27. In addition to these, there have been 
several positive reports about the effects of probiotic administration in case of 
gastric and intestinal illnesses, allergies and urinogenital infections in females 6, 
28-30. Obviously, success depends on various factors such as cause, dosage, 
product format, timely administration and condition of subject. Also, when 
evaluating a probiotic, safety should be as important a consideration as efficacy.  
1.1.2. Probiotic lactobacilli 
The term lactobacilli refers to members of the genus Lactobacillus, which 
belong to the lactic acid bacteria (LAB). The term lactic acid bacteria was coined 
in 1919, their major carbohydrate metabolism end-product being lactic acid. They 
are non-spore forming, aero-tolerant or anaerobic, low G+C content Gram-
positive bacteria. They have complex nutritional requirements and are so 
regarded as `nutritionally fastidious´ 31. Ecologically, lactobacilli colonize a large 
variety of plants and animals, a factor that has presumably contributed to their 
diversity, by adaptive radiation 32. At present, the genus has over 180 recognized 
species (http://www.bacterio.cict.fr/l/lactobacillus.html) and over ten species of 
probiotic lactobacilli have specific strains of which the complete genomes have 
been published 33. In humans, they are members of our indigenous GI and 
urogenital microbiota. Although lactobacilli have been found to occur in variable 
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amounts and form a minor proportion of the human adult fecal microflora (less 
than 1%), they are among the earliest inhabitants of the GI tract 34-36.  
The history of our association with probiotic lactobacilli spans centuries. 
They have been used in the production of traditional fermented foods in various 
parts of the world ranging from Asia, to Africa and beyond 37-39. Traditionally, they 
have been used to change the flavor and texture of foods, thus enhancing 
sensory acceptance and conservation. In addition, their contribution to good 
health was not unknown either. It is therefore safe to say that much before they 
became a commercial success and came under scientific scrutiny, the health 
benefits of lactobacilli-fermented foods were already known. In the Book of 
Genesis (Old Testament) there is a mention of Abraham owing his longevity to 
his intake of sour milk, and in 76 BC Plinius of Rome advocated the use of 
fermented milk for treating gastroenteritis 40. Over a century ago, Nobel laureate 
Elie Methchnikoff pointed out an association between the consumption of 
fermented dairy products and longevity in Bulgarian peasant populations. He 
identified the reason for this association to be the ‘Bulgarian bacillus’ (now 
Lactobacillus delbrueckii subsp. Bulgaricus) that had been discovered by the 
physician Stamen Grigorov 41.  Graham Rook included lactobacilli in a group of 
organisms he termed old friends, the other two members being saprophytic 
mycobacteria and helminths) 42. He attributed the rise in certain immune 
dysfunction-related disorders, especially in developed parts of the world, to a 
decrease in exposure to these “old friends” that contribute to proper functioning of 
T regulatory cells of our immune system. 
Even though it may seem lactobacilli are only associated with the 
fermentation of dairy products, a number of non-dairy products such as meat and 
sourdough are also fermented by lactobacilli 43-46. In order to better utilize and 
manipulate the metabolic ability of lactobacilli, it is important for us to identify and 
understand the endogenous and environmental factors that affect this ability. 
  
1.1.3. Lactobacillus rhamnosus GG (LGG) 
Strain LGG (ATCC 53103) is among the most widely used and well-
documented probiotic bacteria 47. Its notable presence on pharmacy and grocery 
store shelves is an indication that this strain has enjoyed continued attention from 
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medical practitioners and functional food developers. Taxonomically, LGG 
belongs to the genus Lactobacillus (phylum Firmicutes, class Bacilli, order 
Lactobacillales, family Lactobacillaceae).  
As mentioned earlier, among the LAB, by virtue of its significant medical 
and commercial value, LGG has been the subject of extensive research. It has, in 
many ways, achieved the status of a model probiotic bacterial species. If we look 
at emerging topics in LGG research, it is not surprising that efforts are largely 
directed towards identifying and explaining factors that govern its ability as a 
probiotic. Another research hotbed is the assessment of its prophylactic and 
therapeutic potential in various human and animal health disorders 48, 49. 
Metabolic engineering of LAB for production of nutraceuticals and other 
commercially important compounds is also underway 50. Research on LGG 
gained much momentum from the publication of its complete genome sequence 
and the construction of knockout mutants that enable functional analyses 51, 52. At 
the time of publication of the genome, 68% of the predicted protein-coding genes 
had already been assigned to known functions 51.  
With regard to its clinical applications, LGG has been investigated for use 
in a variety of health disorders. LGG has been found to be effective in prevention 
and treatment of GI ailments such as various types of diarrhea and inflammatory 
bowel disorders such as ulcerative colitis 53-56. Positive effects of LGG have been 
reported for allergic diseases such as eczema and atopy although there have 
been contrary reports 57-59. Studies have also been conducted to investigate 
whether prenatal administration of LGG is capable of reducing the risk of allergies 
in infants, but results remain inconclusive 60. The effect of LGG on cancer cells 
and carcinogenesis has been explored and the results are encouraging 61, 62. 
The mode of action of LGG is under study and many interesting aspects 
have been revealed. Important among these are immunomodulatory actions and 
the strengthening of intestinal barrier function 63, 64. A common underlying 
molecular mechanism involves downregulation of pro-inflammatory cytokines 
such as TNF and INF-gamma and upregulation of anti-inflammatory cytokines 
such as IL-6, IL-8 and IL-10 65, 66. Of note, two major secreted proteins from LGG, 
namely p75/Msp1 and p40/Msp2, were the first probiotic bacterial proteins for 
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which there is experimental evidence of involvement in intestinal epithelial 
homeostasis through specific signaling pathways 67. 
 
1.1.4. Gram-positive bacterial cell wall 
The bacterial cell wall is a structurally complex and functionally versatile 
organelle that contains and protects the cytoplasm. It also forms the basis of a 
major cytological technique of bacterial diagnosis and classification we know as 
Gram-staining, wherein the thick, multilayered Gram-positive cell wall retains the 
crystal violet-iodine complex. In contrast, the relatively thin (1 to 3 layered) Gram-
negative cell wall loses this colored complex when subjected to an ethanol wash, 
and is visible as pink cells when the counterstain safranin is used. Murein or 
peptidoglycan is the key component of the bacterial cell wall, and it is to this 
polymer that the cell owes its ability to withstand osmotic and mechanical stress. 
In addition to its mechanical functions, the cell wall also anchors several 
molecules that are involved in interaction with the biotic and abiotic components 
of the environment. In Gram-negative bacteria, the few layers of peptidoglycan 
are surrounded by an outer membrane containing lipopolysaccharides (Figure 
2b). In contrast, the Gram-positive bacterial cell wall is characterized by several 
layers of peptidoglycan making it considerably thicker than the Gram-negative 
cell wall. This multilayered structure is decorated with proteins, polysaccharides 
and teichoic acids (Figure 2a) 10.  
The Gram-positive bacterial cell wall is characterized by the presence of 
multilayered peptidoglycan (Figure 2a). It consists of linear polymers of a 
disaccharide composed of N-acetylglucosamine (GlcNAc) and N-acetylmuramic 
acid (MurNAc) 68, 69. Peptidoglycan is synthesized in a process that starts with the 
formation of enolpyruvyl UDP-GlcNAc from UDP-GlcNAc. A reductase converts 
this enolpyruvyl UDP-GlcNAc to UDP-MurNAc. ATP-dependent ligases catalyze 
stepwise addition of peptapeptide side chain to UDP-MurNAc. The product, 
MurNAc pentapeptide, is transferred onto an undecaprenyl phosphate carrier 
resulting in formation of lipid I. The enzyme MurG catalyzes the formation of the 
lipid-anchored MurNAc-GlcNAc disaccharide, also known as lipid II 70. Lipid II is 
moved to the outer leaflet of the cytoplasmic membrane by a “flippase” enzyme.  
Polymerization of lipid II resulting in long glycan chains is catalyzed by 
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peptidoglycan glycosyltransferases. Finally, cross-linking of adjacent glycan 
strands occurs through transpeptidation reaction 71, 72. A donor peptidoglycan 
strand is attacked by the transpeptidase to form an acyl- enzyme intermediate. 
This acyl-enzyme intermediate can now cross-link with an amino group on 
another peptidoglycan peptide (acceptor strand).  
 
 
 
Figure 2. The bacterial cell wall. (a) The Gram-positive cell envelope. (b) The Gram-
negative envelope. In Gram-positive bacteria, the lipidic plasma membrane with 
embedded proteins is covered by a multilayered peptidoglycan shell decorated with 
polysaccharides, teichoic acids and proteins. In Gram-negative bacteria, a thin 
peptidoglycan layer surrounds the plasma membrane and is covered by an asymmetrical 
outer membrane containing lipopolysaccharides, which lies on the peptidoglycan layer 
(Adapted from reference 10). 
 
Interestingly, peptidoglycan structure is fairly similar for both Gram-negative and 
Gram-positive bacteria 71. Although it lacks the outer membrane that covers the 
Gram-negative peptidoglycan, the Gram-positive peptidoglycan layer can be 
further surrounded by other functional structures which may be capsular 
polysaccharides, S-layer proteins etc. 73. While peptidoglycan is regarded as the 
primary cell wall polymer, the Gram-positive cell walls also have secondary cell 
wall polymers such as teichoic acids, teichuronic acids and other polysaccharides 
74. Teichoic acids are cell wall polymers anchored to the cell membrane. In fact, 
teichoic acids are the best-studied members of the group of secondary cell wall 
glycopolymers (SCWGs). Teichoic acids are a highly diverse class of molecules 
and these have been found to be involved in ailments caused by major human 
pathogens including Staphylococcus aureus, Bacillus anthracis and 
Mycobacterium tuberculosis 73. Teichoic acids can either be wall-attached 
(attached to peptidoglycan by phosphodiester bonds) or membrane-attached 
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(attached to glycolipids) 75, 76. The diversity encountered among teichoic acids is 
due to the fact that they can differ in their sugar moiety, the net charge and 
decoration of the repeating units, these units often being polyglycerol phosphate 
or polyribitol phosphate. The sugars themselves can greatly vary and range from 
trioses to hexoses and these could be reduced or oxidized. A classification 
proposed for cell wall glycopolymers (CWGs) is based on their electrostatic 
properties. This results in the CWGs being placed in in three categories: 
zwitterionic, anionic and uncharged 73. Zwitterionic CWGs are so because of their 
negatively charged phosphate groups and modifications with free amino groups. 
Anionic CWGs, also known as teichuronic acids, derive their nature from the 
presence of uronic acids. Teichoic acids have many functions including direct 
physical protection of the bacterial cell or indirect protection through 
physicochemical modifications of the cell wall. Certain membrane connected 
CWGs have been implicated in pro-inflammatory effects in bacteria-host 
interactions by interacting with receptors such as TLR2/ TLR6  77, 78. From the 
application point of view, the species and strain specific structures of CWGs have 
in some cases been employed for accurate identification 79. Targeting CWGs for 
antimicrobial therapy could also be an attractive strategy, as these have been 
generally found to be essential for the virulence of Gram-positive pathogens. For 
example, D-alanyl residues in the teichoic acids of many Gram-positive 
pathogens are important for processes such as host tissue colonization and 
contamination of medical devices through biofilm formation 80, 81. Interfering with 
the D-alanylation step has been shown to make the bacteria more susceptible to 
antibiotics 82.  
Another class of CWGs includes the capsular polysaccharides and 
exopolysaccharides (EPS). While capsular polysaccharides remain covalently 
attached to the cell wall, EPS are secreted into the medium. Capsular 
polysaccharides vary from strain-to-strain with regard to their nature and 
composition. Capsular polysaccharides of Group A and B streptococci have been 
implicated as virulence factors for infections in humans 83, 84. In contrast, capsular 
polysaccharides of the symbiotic bacterium Bacteroides fragilis plays a protective 
role against experimental colitis by interacting with the host immune system 85. 
Bacterial EPS may be homopolymeric or heteropolymeric in composition and 
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their molecular weight can be as high as 1000 kiloDaltons. EPS released by 
fermentative lactobacilli have generated much interest due to their ability to cause 
thickening of the medium leading to a change in the texture of the product 86. 
Also, because these bacterial biopolymers are released into the medium, they 
have found many applications depending on their properties. Biofilm formation 
also involves a matrix of hydrated extracellular biopolymers that provides 
conducive microenvironment to the bacterial cells 87. Studies on LGG reveal that 
the EPS production in this bacterium is fine-tuned to achieve a balance between 
adhesion capacity of the bacterium and its ability to evade host immune response 
88.  
Surface proteins of Gram-positive bacteria present a great variability in 
type and function. These may be anchored in the cell wall or cell membrane 89. 
Some proteins may be covalently attached to the cell wall, whereas other types of 
proteins may be anchored in the membrane via their membrane spanning 
domains 8. The general secretory (Sec) pathway is the commonest mechanism 
for transport of proteins through the cell membrane, although other specialized 
pathways also exist 90. Cell-wall associated proteins may be involved in binding to 
host immunoglobulins and other such host factors, enzymatic breakdown of 
nutrient molecules from the environment and bacterial aggregation 89. In addition 
certain wall-associated proteins of Gram-positive bacteria are involved in the 
formation of pili that have been shown to have diverse functions 91.  
S-layers are crystalline planar arrays of protein subunits found in both 
Gram-positive and Gram-negative bacteria 90, 92. S-layer is formed when the 
secreted S-protein crystallizes 93. The proteins forming S-layers may be native, 
glycosylated or phosphorylated. S-layers have been found to be determinants of 
virulence for certain pathogenic species. However, these have also been shown 
to interact with the extracellular matrix component collagen of host epithelial cells 
in case of Lactobacillus crispatus 94.  
In addition to the above constituents, the cell walls of many Gram-positive 
bacteria harbor pili or fimbriae. These are hair-like extensions projecting outwards 
from the cell wall and are anchored in the wall peptidoglycan. Pili are smaller in 
length and diameter but more usually numerous than flagella. Flagella have 
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mainly been shown to have a role in motility, but pili are much more functionally 
diverse and play important roles in bacterium-host interaction 95, 96. 
The cell wall of LGG has been the subject of extensive investigation due to 
the possible contribution of cell wall constituents to its probiotic action. Like other 
Gram-positive bacteria, the cell wall of LGG consists of layers of peptidoglycan, 
teichoic acids and various proteins and polysaccharides. The lipoteichoic acid 
chain in LGG consists of about 50 polyglycerophosphate residues and 74% of 
these are decorated with D-alanyl esters 97. Lack of D-alanylation of backbone 
residues in LGG leads to increased cell length and defects in septum formation. 
Although such mutants show reduced tolerance towards gastric acidity and 
greater susceptibility to positively-charged antimicrobials, they provide higher 
relief in murine colitis models 98.   It has also been shown that the lipid chains of 
LTA and the D-alanine substituents are inducers of the proinflammatory IL-8 in 
epithelial Caco-2 cells 99. Interestingly, LGG has been found to lack the genetic 
determinants for producing the peptidoglycan-anchored wall teichoic acid 100.  
The surface of LGG also consists of long galactose-rich polysaccharides and 
shorter glucose/mannose-rich polysaccharides, with some side chains bearing 
glycosylated residues 101. Experiments with mutants suggest that even though 
the presence of galactose-rich EPS leads to reduced adhesion and biofilm-
formation capacity of LGG, these are required to shield the bacterium from host 
immune surveillance 88.  In addition, sugar moieties are also suggested to have a 
role in gastrointestinal persistence and adaptation capacity of LGG. Among the 
mentionable surface protein components of LGG are two secreted proteins, 
Msp1/p75 and Msp2/p40. Msp1 has been shown to be O-glycosylated in 
secreted fractions 102.  
1.2. Bacterial pili 
Pili or fimbriae are extracellular appendages found in many species of 
Gram-negative as well as Gram-positive bacteria 96. Historically, pili were first 
discovered during electron microscopic studies of Gram-negative bacteria in the 
1950s and were described as “non-flagellar appendages of bacteria” 103. Groups 
led by James Duguid and Charles Brinton termed these as fimbriae and pili 
respectively, based on their fur-like or hair-like morphology 103, 104.  Much of the 
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early studies focused on the hemagglutination activity of pili and their biochemical 
nature. Following their discovery in Escherichia coli, further research efforts to 
detect pili were directed towards other Gram-negative species, especially the 
pathogenic strains. In case of Gram-positive bacteria, pili were first discovered in 
Corynebacterium renale by Yanagawa and coworkers through electron 
microscopic examination 105, 106. With the dawn of genomics and concomitant 
development of sophisticated genetic toolkits for popular species, the presence of 
pili in many more bacteria was detected 15, 107. Once the genes for the protein 
subunits and assembling enzymes were identified, they facilitated the 
identification of their homologues in other species 15, 107. 
Gram-negative pili can be placed in four groups according to their mode of 
assembly. The best characterized of these are the pili assembled by the 
chaperone-usher (CU) pathway 96, 108. The other three pathways include the 
general secretion pathway (Type 4 pili), the extracellular nucleation/precipitation 
pathway (curli pili) and the alternate chaperone pathway (CS1 pilus family) 109. As 
elaborated in the next section, assembly of pili in Gram-negative bacteria is a 
multicomponent and multistep process that includes protein secretion, folding, 
trafficking and highly orchestrated assembly of proteins into complex structures 
110.  
Gram-positive pili are covalent polymers formed by the polymerization of a 
major pilin forming the backbone, which is decorated with accessory pilins. The 
accessory pilins may be found at intervals along the backbone and also at the 
base and the tip. The covalent attachment of the pilins to each other and their 
anchoring in the cell wall is mediated by pilus-specific and housekeeping 
sortases respectively 111. There may be more than one sortase gene in a 
bacterial genome and this has been associated either with functional redundancy 
or selective pilus display in response to environmental factors112. The genes that 
encode the major and accessory pilins and the catalyzing sortase are found 
clustered in the genome 111, 113. In addition to sortase-assembled pili, some 
Gram-positive bacteria such as Clostridium perfringens, M. tuberculosis and 
Ruminococcus albus have also been found to express Type IV pili similar to 
those found on Gram-negative bacteria 114-116.  
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Pili are versatile organelles with regard to the variety of functions they 
perform. Their structural, mechanical and biochemical attributes enable them to 
initiate and maintain contact with the external environment, even in harsh 
circumstances 91. Pili display bacterial adhesins in an active binding conformation 
beyond the interfering molecular structures and negatively charged molecules 
present on the bacterial surface and facilitate their binding to their targets 117. Pili 
have been demonstrated to be involved in crucial processes like adhesion, host 
colonization and biofilm formation 15, 118, 119. Naturally, these attributes of pili make 
them an attractive target for vaccines 120. In case of beneficial bacterial species 
where pili-mediated adhesion and biofilm formation is demonstrated, such as in 
LGG, pili may be engineered towards enhancing the desirable properties.  
 
1.2.1. Gram-negative bacterial pili  
As mentioned earlier, pili were first discovered in the Gram-negative 
bacterium E. coli through electron microscopic studies. Within few years of the 
first published reports, pili were identified in many other Gram-negative bacteria 
such as Salmonella, Shigella flexneri, Klebsiella and Proteus 103. Studies 
conducted on the pili from various Gram-negative species reveal a variety of 
structural attributes and pathways for assembly.  
Generally, these pili are long, flexible structures made up of protein 
monomers that are joined to each other through non-covalent bonds. The pili may 
display one or more adhesins capable of binding to other bacteria, host tissue or 
abiotic environmental surfaces 96. A convenient classification of the types of pili 
found in Gram-negative bacteria is based on their mode of assembly. The most 
extensively studied are the Type 1 and P pili assembled by the CU pathway. 
Type 1 pili are most commonly present pili on uropathogenic E. coli and are 
involved in bladder infections. In addition, these pili are also found on all 
members of the family Enterobacteriaceae. 
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Figure 3. Fine structure of Type 1 and P pili. (a) The type 1 pilus shaft is made of 
FimA subunits. The tip consists of FimF, FimG and FimH adhesin subunits. FimC is the 
periplasmic chaperone and FimD is the outer membrane usher. The usher dimer is 
shown in yellow and purple. The function of FimI is not yet established well. (b) The P pili 
also consist of a PapA road and PapK that functions as initiator. The tip consists of 
PapE, PapF and adhesin PapG. PapC is the outer membrane usher and PapD is the 
chaperone. PapH acts as assembly terminator. (Adapted from reference 121). 
 
The Type 1 pili are 1-2 µm long and 6-7 nm in diameter 122. These are 
encoded by the fim gene cluster and their expression requires at least nine 
genes.  
Fine structure of Type 1 pili shows it to be a rod composed of repeating 
FimA subunits that are helically arranged (Figure 3a). FimF connects this rod to a 
tip fibrillum that contains FimG and the adhesin FimH. The adhesin FimH binds to 
host receptors carrying terminally-exposed mannose residues. The P pili are 
critical virulence factors and facilitate the attachment of uropathogenic E. coli to 
kidney tissues leading to acute pyelonephritis 123. Structurally, these are similar to 
Type 1 pili and consist of a helical rod that is several micrometers in length and 
6.8 nm in diameter 124. The pap gene cluster contains eleven genes that 
participate in expression and assembly of P pili 125. The rod is formed by PapA 
subunits and displays the adhesin PapG at its tip (Figure 3b). The tip bearing the 
adhesin is composed of PapE, PapF and PapK subunits 124. PapH located at the 
base may have a role in termination of assembly (Figure 3b). PapG binds to 
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receptors that contain a Gal(α1-4)Gal moiety 126. In both Type 1 and P pili, when 
pilus assembly takes place, the chaperone forms a complex with the pilin and 
assists pilin folding in addition to preventing premature polymerization 127. This 
chaperone-pilin complex meets with the outer-membrane usher. The usher 
serves the dual purpose of providing a site for the assembly and passage of the 
growing fiber to the cell surface 96, 128, 129. The chaperone-usher pathway is highly 
conserved and is involved in the in biogenesis of a superfamily of more than 30 
pilus and non-pilus adhesins in Gram-negative bacteria 109, 110. Non-pilus 
adhesins utilizing this pathway for their assembly include the F1 antigen of 
Yersinia pestis 130. 
The Type IV pili are the most widespread class of pili and have been 
reported in a large number of Gram-negative species including pathogens such 
as enteropathogenic E. coli, Salmonella enterica, Pseudomonas aeruginosa, 
Neisseria meningitides and Vibrio cholerae 131, 132. In addition, these pili have also 
been identified in Gram-positive species such as Clostridium perfringens, M. 
tuberculosis and Ruminococcus albus 114-116. Type IV pili are versatile and 
involved in a number of functions like adhesion to host cells, biofilm formation, 
DNA uptake, bacteriophage adsorption and twitching motility 131, 133. Studies 
showed that Type IV pili are also involved in plant-microbe and fungus-microbe 
interactions in a nitrogen-fixing Azoarcus species 134. Type IV pili possess the 
ability to retract and in Geobacter sulfurreducens pili have been found to act as 
nanowires mediating electron transfer 135, 136. Type IV pili are 6-8 nm in diameter 
and several micrometers long and these fibers have a tendency of bundling. At 
least fourteen proteins are needed for the assembly of Type IV pili in a 
heterologous E. coli host and many of the core proteins are conserved among 
different bacterial species 137. The Type IV pili assembly machinery is similar to 
the general secretion pathway because many pilin-like proteins participate in the 
formation of structures that facilitate the secretion of different kinds of molecules 
across the outer membrane 138.  Each pilin is synthesized as a prepilin and 
transported across the inner membrane into the periplasmic space such that their 
N-terminal hydrophobic segments are retained in the inner membrane. The 
globular domain is folded and stabilizing intramolecular disulfide bonds are 
enzymatically introduced 139. A dedicated prepilin peptidase cleaves the positively 
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charged leader sequence and methylates the N-terminal amine to generate the 
mature pilin 140. It has been suggested that pilins are added to the growing fiber 
as a result of interactions within the globular domain and between a conserved 
side chain and an N-terminal residue 132. The following figure shows the major 
and minor components and their roles in biogenesis of Type IV GC/MC pili of 
Neisseria (Figure 4). 
 
Figure 4. Assembly of the Neisseria Type IV GC/MC. The major pilin (PilA, yellow) is 
secreted through the inner membrane (IM) into the periplasm and a prepilin peptidase 
PilD (green) cleaves the signal peptide (SP). The negative charge of the glutamic acid 
side chain (E5) in the α1-N region attracts the positively charged N-terminus of the 
terminal PilA subunit in the growing fiber. Additional interactions between the globular 
PilA domains enable the subunit to fill the existing gap at the pilus base. The assembly 
ATPase (PilB, blue), which is associated with the cytoplasmic part of the inner 
membrane protein PilG (brown), undergoes conformational change during ATP 
hydrolysis and pushes the pilus filament out of the membrane, providing a gap for the 
next PilA subunit. PilC, the putative adhesin is found at the tip of the pilus. (Adapted from 
reference 108) 
 
The curli pili get their name from their coiled fiber-like appearance and are 
found in enteric bacteria such as E. coli and Salmonella enteritidis, Salmonella 
typhimurium 141-143. Curli pili play a role in a variety of processes like host 
adhesion, biofilm formation, cell aggregation and also have immunogenic effects 
144, 145. Curli have the ability to interact with host extracellular matrix components 
such as fibronectin 141. They can also induce proinflammatory responses by 
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binding to host factors that include H-kininogen, factor XII, Toll-like receptor 
(TLR) 2/ TLR1 complex and CD14 145, 146. An interesting aspect of curli is that 
they are structurally and biochemically similar to neurodegenerative disease-
associated eukaryotic amyloid fibres and offer a system for studying in vivo 
amyloid fiber formation 147. Two operons, csgBA and csgDEFG, encode the 
genes required for curli biogenesis 148. Curli pili are synthesized via the 
nucleation/precipitation pathway. In this process, the major pilin (CsgA) and the 
nucleation agent (CsgB) are exported to the extracellular medium by an outer 
membrane lipoprotein (CsgG). The nucleation agent CsgB initiates precipitation 
and assembly of the major pilin subunit (also called curling in this case) on the 
cell surface. A transcriptional activator of curli production (CsgD) and two 
accessory proteins (CsgE and CsgF) are also involved 148, 149. The fact that 
subunits secreted into the extracellular space are polymerized to form the pilus 
fiber indicates that curli pili grow upwards from the base. This is in contrast with 
the Type 1, P and Type IV pili in which the distal end is assembled first 150. 
Another group of Gram-negative pili consists of members of the CS1 pilus 
family that includes CS1, CS2, CS4, CS14, CS17, CS19, CFA/I pili and cable 
type II pili 151. Pili of the CS1 family are present on enterotoxigenic E. coli 
responsible for diarrhoea, the cystic fibrosis-associated pathogen Burkholderia 
cepacia and the typhoid fever-associated Salmonella enterica serovar Typhi 152-
154.  
 
Figure 5. Model for CS1 pilus assembly. A periplasmic CooB-CooD (shown as B-D) 
comples associates with the outer membrane protein CooC (shown as C). CooA 
subunits (Shown as A) of the CooA-CooB complex are added to CooD. With each 
subunit added, the chaperone CooB dissociates from the CooD-CooB or CooA-CooB 
complex and is subsequently recycled. (Reprinted from reference 155) 
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Four proteins are sufficient for the assembly of CS1 and these are CooA 
(major pilin), CooB, CooC and CooD (tip adhesin) 156. CooB acts as a chaperone 
and has the ability to form complexes with each of the other three proteins 157. A 
model proposed by Sakellaris and Scott suggests that pilus formation is initiated 
when a periplasmic CooB-CooD complex binds to CooC at the outer membrane 
(Figure 5). Next, CooA-CooB complexes associate with CooC at the outer 
membrane and CooA subunits are added to CooD at the base of the growing 
pilus (Figure 5). Finally, the chaperone CooB is released by interaction with an 
incoming subunit complex or through interaction with CooC. Repetition of this 
associative and dissociative interaction of protein complexes leads to addition of 
CooA units to the growing pilus fiber 151. 
It is obvious from the mechanisms described above that Gram-negative pili 
are sophisticated polymeric assemblies formed by the participation of a number 
of factors in well-regulated steps. Pili assembly includes steps such as transport 
of proteins across cell membrane, correct folding of proteins, assembly of 
proteins to form an ordered structure and movement across outer membrane to 
reach cell surface. Therefore, it has been proposed that these structures could be 
treated as model system for the assembly of complex structures 110.  
 
1.2.2. Gram-positive bacterial pili  
As mentioned earlier, Gram-positive bacterial pili were first discovered in 
C. renale by Yanagawa and coworkers 105. Morphological investigations under 
electron microscope revealed the presence of “fine fibrils” that the authors 
compared to the pili identified by Duguid (1955) and Brinton (1959). In addition to 
measurements of the length and width of these structures, Yanagawa and 
coworkers also pointed out interesting features such as differences in pili 
expression among the C. renale strains studied, the tendency of pili to associate 
lengthwise to form bundles and the attachment of bacteria to each other via these 
bundles. Another important property demonstrated in this pioneering work was 
that these pili were firmly attached to the isolated cell wall and this was tested by 
vigorously shaking with glass beads. Later observations confirmed many of these 
findings and starting with this first report more and more Gram-positive strains 
were investigated for the presence of pili.  
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Figure 6. Electron microscope images of Gram-positive pili . (a) Arrrows indicate 
SpaDEF pili of C. diphtheriae strain NCTC12139. (b) Threadlike pili encoded by the S. 
pneumoniae rlrA pathogenicity islet. (c) Pili from Bifidobacterium breve UCC2003. 
(Images reprinted from references 158-160) 
 
At present among Gram-positive bacteria, pili have been identified in 
species such as Actinomyces naeslundi, Corynebacterium diphtheriae, 
Enterococcus faecalis and many streptococcal members such as S. 
parasanguinis, S. salivarius, S. sanguinis, S. pyogenes, S. agalactiae and S. 
pneumoniae (Figure 6a, b) 107, 161-168. One would notice that pili seem to be a 
common feature among the major Gram-positive human pathogens, and it is this 
clinical relevance that has led to detailed investigations of these organelles with 
regard to their biogenesis, structure and function 169, 170. However, more recently 
pili were also discovered in LGG and in species of Bifidobacterium and 
Lactococcus lactis IL1403 (Figure 6c) 15, 171, 172. 
Morphological examinations reveal Gram-positive pili to be thin, flexible 
rod-like structures that are only a few nanometers in diameter, but could reach up 
to few micrometers in length (Figure 6) 169. Structurally, these pili are made up of 
monomeric protein units and consist of a backbone made of the major pilin. This 
backbone is decorated with one or more accessory pilins that may act as 
adhesins. A key feature of Gram-positive pili, absent in Gram-negative, is that the 
protein subunits that form the structure are covalently linked to each other 112. 
The entire pilus itself is attached to the cell wall peptidoglycan through covalent 
binding 173. Pilus assembly takes place through the action of pilus-specific 
sortases (membrane-associated transpeptidase) enzymes 112, 174.  
Prototypical representatives of Gram-positive pili are the SpaA (spa – 
Sortase-mediated Pilus Assembly) pili of C. diphtheriae, the etiological agent of 
pharyngeal and cutaneous diphtheria. These pili are 0.2-3.0 µm in length and 2-6 
25	  	  
	   25	  
nm in diameter. They are composed of a major pilin SpaA that forms the 
backbone, a minor pilin SpaB that is found along the backbone and a tip pilin 
SpaC 162. Genes encoding these three pilins and the dedicated sortase are 
located in the spaA-srtA-spaB-spaC gene cluster. Sortases are membrane-
associated transpeptidases. The gene for a  housekeeping sortase SrtF, involved 
in anchoring pili in the cell wall peptidoglycan, is located elsewhere in the 
genome 162.The number of pili per cell and length of the pilus fiber depend on the 
amount of major pilin SpaA 113. Additionally, the length of pilus also depends on 
SpaB which has a role in assembly termination 175. Experiments have revealed 
that SpaA is necessary for the formation of the pilus fiber, and if the 
corresponding gene is inactivated, pilus formation does not occur. However, 
polymerization of SpaA is not dependent on the minor pilins, and occurs even if 
they are absent 111. But the pilus fibers formed in the absence of SpaB are not 
anchored to the cell wall and these polymers are secreted into the external 
environment of the cell 175. Also, these fibers are longer than those found on wild-
type cells, suggesting a role for SpaB in pilus assembly termination 175. These 
findings suggest that SpaA alone is necessary and sufficient for pilus 
polymerization, but assembly termination and attachment to the cell wall require 
SpaB. Certain recognition motifs in the pilins facilitate the processes that result in 
the formation of the pilus fiber and its anchorage in the cell wall peptidoglycan.  
The C-terminal region of pilins has a positively charged tail followed by a 
hydrophobic membrane-spanning domain and a LPXTG-motif that acts as the 
sortase recognition site 176. The N-terminus harbors an E-box (YxLxETxAPxGY), 
a pilin motif (WxxxVxVYPKN), and a Sec-dependent secretion signal and a 
sorting signal. The E box has a conserved glutamate residue which is required for 
the incorporation of SpaB into the pilus structure. Similarly, the lysine in the pilin 
motif is essential for SpaA polymerization 111. The specificity of sortases in pilus 
assembly is determined by the pilin motif and the sorting signal 177. 
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Figure 7. Model for pilus assembly in C. diphtheriae. (a) The SpaA (A)polymerization 
mechanism. The SpaA polymer assembles on a SpaC (C) subunit that acts as a 
nucleator. This polymer is attached to a pilus-specific sortase SrtA (blue) through an 
acyl-enzyme intermediate. A nucleophilic attack on this enzyme-acyl intermediate by the 
lysine of another SpaA monomer leads to the incorporation of SpaA into the growing 
polymer. (b) Cell wall anchoring of pilus. The housekeeping sortase SrtF (purple) forms 
an enzyme-acyl intermediate with a SpaB (B) monomer. A specific lysine residue of 
SpaB attacks the intermediate formed between the terminal SpaA of the polymer and the 
sortase SrtA. This results in the transfer of the polymer to SrtF. SrtF catalyzes the 
attachment of the SpaB-terminated polymer to the lipid II precursor. Finally, this pilus-
bearing lipid II precursor is anchored to the cell wall.  (c) Incorporation of minor pilin. 
SpaB is linked to SpaA via transpeptidation that joins the threonine of the LAFTG motif in 
SpaB to the lysine in the SpaA pilin motif. (Redrawn from reference 175). (Dpm – 
diaminopimelic acid) 
27	  	  
	   27	  
Pilus formation starts with the secretion of pilus subunits via the Sec-
dependent pathway. The hydrophobic membrane-spanning domain keeps each 
pilin anchored to the cell membrane 178. Pili assembly and their anchoring to the 
cell wall essentially involve three processes: polymerization of SpaA, 
incorporation of minor pilins and assembly termination by attachment to cell wall 
(Figure 7). SpaA polymerization takes place when the dedicated sortase SrtA 
cleaves SpaA at the LPxTG motif leading to the formation of an acyl-enzyme 
intermediate (Figure 7a). The thioester bond that forms between the pilin 
threonine residue and the cysteine in the sortase undergoes a nucleophilic 
attack. This step results in an amide bond between the pilin threonine residue 
and the conserved lysine of the pilin motif of the next SpaA monomer 162. 
As for the incorporation of minor pilins, its mechanism is yet to be 
established firmly (Figure 7c). Two schemes have been proposed to resolve this 
issue. One model suggests that a mechanism similar to SpaA polymerization 
might as well be employed for incorporation of minor pilins 158. However, because 
minor pilins lack the pilin motif, they cannot form oligomeric assemblies. Thus, 
such a model lays down the restriction that each minor pilin should be 
incorporated into the pilus fiber in such a way that it is preceded and followed by 
a SpaA subunit 170. Another model that specifically relates to the incorporation of 
SpaB is based on the fact that when the conserved glutamate residue of the 
SpaA E box is substituted by arginine or alanine, SpaB incorporation cannot be 
accomplished. Interestingly, the incorporation of SpaA at the tip is unaffected in 
this situation. A possible explanation could be the formation of a bond between 
the conserved glutamate of SpaA E box and SpaB. More investigation is needed 
before the exact site of bonding between SpaA and SpaB is identified, and the 
correct explanatory model is established 177. 
Pilus assembly termination is brought about by the action of the 
housekeeping sortase SrtF on the minor pilin SpaB (Figure 7b) 175. A LAFTG 
motif in the cell wall sorting signal of SpaB is recognized by SrtF. SpaB is cleaved 
at this motif and the threonine residue comes in contact with the catalytic cysteine 
residue of SrtF to form an acyl-enzyme intermediate. The terminal SpaA-SrtA 
acyl-enzyme intermediate is attacked by the SpaB complex with SrtF. This 
reaction between components of the two acyl-enzyme intermediates results in the 
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entire pilus polypeptide being transferred to SrtF. The SrtF then attaches this 
SpaB-linked pilus fiber to the lipid II precursor via a transpeptidation reaction. 
Subsequently, this lipid precursor bearing the pilus is attached to the cell wall in 
the general cell wall biogenesis process 175, 179. In addition to the SpaA type pili, 
the C. diphtheriae genome contains genes for SpaD and SpaH-type pili and 
sortases SrtB, SrtC, SrtD, SrtE and SrtF 158. 
Gram-positive pilins themselves constitute a class of proteins with 
interesting features that contribute to the structural and functional abilities of pili. 
Studies on the crystal structure of pilins have revealed some unique features of 
these proteins 169. The SpaA pilin from C. diphtheriae is well investigated and can 
be used as an illustrative example of Gram-positive major pilins. SpaA of C. 
diphtheriae has a three-domain architecture, consisting of one CnaA-type domain 
located between two CnaB-type domains 180. The pilin motif resides on the last 
strand of the N-terminal domain. The conserved lysine motif that is involved in 
SpaA polymerization is between the first and second domain 180. Another key 
piece of information obtained from studies of crystal structure of proteins is that 
there are intramolecular isopeptide bonds that form crosslinks between parts of 
the pilin 181. These bonds are formed between the side chains of lysine and 
arginine residues in an autocatalytic manner.  
In C. diphtheriae, these stabilizing internal isopeptide bonds are formed in 
the middle and the C-terminal domain (Figure 8). Although the middle domain 
bond has a cis configuration and the C-terminal bond has a trans configuration, 
both isopeptide bonds occupy interior regions of their respective domains and are 
surrounded by hydrophobic residues 180. Sequence comparisons between major 
pilins such as C. diphtheriae SpaA, S. pneumoniae RrgB, S. agalactiae GBS80, 
and Bacillus cereus BcpA reveal that the while the N and C-terminal regions of 
each of these is similar, the middle regions show variability 180.  
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Figure 8. Schematic representation of the C. diphtheriae SpaC pilin showing 
isopeptide bonds. There are three domains – N (orange), M (green) and C (blue). 
Helices are labeled 1 to 3, and β-strands A to W. Isopeptide bonds are shown as red 
bars on beige background. The M-domain isopeptide bond (Lys-199–Asn-321) has a cis 
configuration and the C-domain bond (Lys-363–Asn-482) has a trans configuration. In 
the C-domain, the grey bar shows a disulfide bond that joins Cys-383 on strand Q to 
Cys-443 on strand U. (Adapted from reference 180) 
 
The accessory pilin of C. diphtheriae, SpaB, consists of only a single 
domain 169. SpaC is the known adhesin and it has been found that its N-terminal 
region harbours a von Willebrand factor (VWF) domain, which is known to 
interact with components of the host extracellular matrix and receptors found on 
host cell membrane 182.  
In addition to genes encoding sortase-mediated pili, the genomes of many 
Gram-positive pili have been found to possess Type IV pili-like genes in pil, com 
(in bacilli) or tad (tight adherence) operons 183. The two best characterized 
examples of these are the Type IV pili from the Clostridium species C. 
perfringens and C. difficile 184. C. perfringens possesses a primary operon that 
encodes all necessary pilin proteins and pilus assembly components. Also 
present are additional secondary gene clusters that encode single pilins or pilus 
assembly-related components. The four known pilins in C. perfringens are PilA1, 
PilA2, PilA3 and PilA4. Different strains might also contain additional pilin genes. 
The primary operon also contains genes for minor pilins, a prepilin peptidase 
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(PilD), an assembly ATPase (PilB), an inner membrane core protein (PilC) and 
inner membrane accessory proteins. The type IV pili of Gram-positive bacteria 
have been found to have a role in gliding motility, adherence to host cells and 
enhanced biofilm formation 114, 116, 185, 186. Given that thermophilic clostridia are 
one of the most ancient types of eubacteria and that nearly every extant strain 
has type IV pili genes, type IV pili may actually have first arisen in a Clostridium- 
like eubacterial organism 187. Subsequently, the system could have reached 
Gram-negative bacteria through an endosymbiotic event or via horizontal transfer 
of the type IV pilus operon that was situated on a plasmid. 
 
1.2.3. LGG pili 
 
 
Figure 9. Identification of pili of LGG by electron microscopy. LGG cells were 
treated with anti-SpaC serum followed by labeling with protein A-conjugated gold 
particles and staining. Pili are seen as long thread-like structures projecting outwards 
from the cell surface. (Reprinted from reference 15) 
 
Pili were first discovered in LGG as fimbriae-like structures by Lebeer and 
coworkers when studying an EPS mutant  and later confirmed by Kankainen and 
coworkers 15, 188. The identification of pili in a probiotic species brought to light 
their possible role as determinants of the beneficial effects exerted by this 
bacterium in the human host. Before this discovery, pili were largely associated 
with pathogenic Gram-positive bacteria such as the streptococcal pathogens and 
the already mentioned C. diphtheriae 170. Comparative genomic analysis led to 
the identification of genes encoding pilins and pilus-specific sortases in LGG 15. 
Subsequently, these heteromeric SpaCBA pili were visualized by 
immunolabelling of the accessory pilin SpaC with gold particle conjugated protein 
A 15 (Figure 9). Morphological examination of these immunogold-labelled pili 
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revealed them to be thread-like structures that were up to 1 µm in length. The 
images also showed the distribution pattern for SpaC which is not only located at 
the tip, but is also present at intervals along the entire length of the pilus fiber 
(Figure 9). Each of the pilins forming the SpaCBA pili was found to contain a Sec-
dependent secretion signal, the LPXTG-like motif, and an E box (Figure 10) 15. 
Another interesting aspect of LGG pili revealed by this pioneering study was that 
the SpaC pilin has the ability to bind human mucus. Experiments performed with 
LGG cells pretreated with SpaC antibodies and a spaC mutant provided further 
evidence for this mucus-binding ability of LGG pili 15. Another type of pilus gene 
cluster coding for SpaFED pili is also found in the LGG genome, but these pili are 
not expressed under laboratory conditions 189.  
 
 
 
Figure 10. Primary structure of SpaC pilin subunit. The SpaC protein consists of a 
Sec-dependent secretion signal and the sortase recognition motif LPXTG at the N and C 
termini respectively. The notable features of the pilin structure are an E- box and a 
stretch similar to A domain of the von Willebrand factor ( vWFA, aa 137-262).  There is 
also a repeat unit of collagen-binding protein domain B (Coll BinB) and two Can protein 
B-type domains (Cna_B). (Reprinted from Chapter 3) 
 
Following this, experiments were conducted to characterize pilins involved 
in the formation of SpaCBA pili of LGG. Key domains and important structural 
aspects of SpaC were brought to light (Figure 10). It was revealed that along with 
SpaC, the pilin SpaB binds to mucus. However, it has been suggested that this 
binding is probably the result of non-specific electrostatic interactions between 
the positively charged SpaB and the negatively charged mucin moieties 190. It 
was also demonstrated that cells treated with SpaC and SpaB antiserum were 
impaired in mucosal adhesion ability. Mucus-adhesion ability of LGG cells was 
also notably reduced when these cells were treated with SpaA antiserum. This 
was explained by envisaging that the SpaA antibodies bound to the pilus 
backbone would cause hindrance to the binding between SpaC and mucus. 
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Thus, it was further established that even though another minor pilin SpaB has 
mucosal-adhesion ability, it is SpaC of the SpaCBA pili that establishes specific 
domain-mediated bonds with mucus 190. However, it is important to note that 
SpaC is not the only mucus-binding protein of LGG and at least two other 
proteins, MabA and MBF, also mediate the adhesion between LGG and mucus 
191. With the use of elegant genetic tools and visualization techniques, details 
also began to emerge about the structure and assembly mechanism of LGG 
pilus. SpaC pili are heterotrimeric polymers formed by covalent attachment of 
pilin units to each other and the final step involves anchoring of the pilus fiber into 
the cell wall. However, LGG pili differ from the prototypical Gram-positive pili of C. 
diphtheriae explained earlier. The LGG SpaC pilin is not only displayed at the tip 
of the pilus but is also present along the fiber in a notable amount which is about 
half that of the major pilin (Figure 11) 189. The peptide sequence of SpaC does 
not have any pilin motif, but it is likely that the putative E box elements it contains 
are involved in its incorporation into the pilus fiber (Figure 10). Although the 
mechanism of this process is not yet clear, it is easy to understand that presence 
of this adhesin at the tip and all along the length of the pilus fiber would facilitate 
strong and intimate attachment to the host, a key attribute required for successful 
colonization of the physico-chemically dynamic environment of human 
gastrointestinal tract 189.  
 
 
 
Figure 11. Model of the structure of LGG pili. The pilus backbone is made up of the 
major pilin SpaA subunits (green). SpaB sbunits (yellow) are present along the length of 
the fiber and also at the base. The adhesin SpaC (pink) occupies the tip of the pilus fiber 
and is also present along the pilus shaft in a ratio of 1:2 with SpaA. (Adapted from 
reference 189) 
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In addition to the above-mentioned features, it has been shown that SpaB 
pilin of LGG is unique in the sense that it is present at the base of the pilus and 
also decorates the SpaA fiber at some sites along the length of the fiber (Figure 
11). This spatial arrangement has led to speculation that along with its mucus-
binding ability, SpaB also participates in assembly termination 189. 
There is ample evidence that the SpaC-mediated mucus-binding ability of 
LGG is the major determinant of its longer residency time in the human gut 
compared to non-piliated lactobacilli 191, 192. LGG’s ability to bind to human mucus 
via specific domain-mediated interactions has made it an exciting subject for 
many functional analyses. Studies have shown that efficient adhesion of LGG to 
an intestinal epithelial cell line (Caco-2) is mediated by SpaCBA pili. When all 
three pilus genes were knocked out, the resulting spaCBA mutant (CMPG5357) 
was greatly impaired in its adhesion capacity towards Caco-2 cells, while mutants 
lacking other putative adhesins (such as MBF and MabA mentioned above) were 
not clearly affected in their adhesion capacity 119. Interestingly, a mutant deficient 
in exopolysaccharides (CMPG5351), showed higher than wild-type adhesion 
capacity due to increased exposure of the pili 119. Apart from binding to host 
factors, another key determinant of good colonization ability is the capacity to 
form biofilms on host tissue. The relevance of biofilm formation in the gastro-
intestinal tract is still not clear, but microcolony formation seems to promote the 
residence of the intestinal bacteria193. It has also been shown that SpaCBA pili of 
LGG are involved in adhesion to abiotic surfaces such as polystyrene and glass, 
and a mutant lacking pili has a greatly attenuated biofilm-formation capacity. 
Understandably, the EPS-deficient strain, marked by increased exposure of pili to 
the external environment, has a considerably higher capacity to form biofilms on 
the above mentioned surfaces 119. With all this evidence to support, it is not 
unreasonable to suggest that the residency time of LGG in human gut and its 
ability as a probiotic is greatly influence by pili-host interactions 119. Another key 
aspect of the probiotic ability of LGG is ability to participate in immunomodulatory 
interactions to induce protective host immunity and LGG SpaCBA pili are found to 
have an effect on cytokine induction in intestinal epithelial cells (Caco-2) 119. 
SpaCBA pilus mutant cells were found to be associated with upregulation of pro-
inflammatory markers interleukin-8 (IL-8) and tumor necrosis factor (TNF) and 
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downregulation of anti-inflammatory markers such as interleukin-10 (IL-10) 119. 
Similarly, the EPS-deficient strain causes downregulation of interleukin-8. All this 
evidence about the immune-modulation effects of LGG suggests that pili-
mediated immunomodulatory action might be an important aspect of its probiotic 
effect on the host.  
From the point of view of commercial application, there have been studies 
comparing the probiotic ability of LGG to that of other probiotic lactobacilli 194. 
Strains of L. rhamnosus and L. casei isolated from popular dairy brands were 
compared to the reference strains L. casei BL23 and LGG. The studies revealed 
that only the L. rhamnosus strains had pili and these are stable when exposed to 
the stress caused by bile salts and low pH that the bacterium encounters in the 
host gut 194. A recent study has also shown that the efficacy of LGG as a probiotic 
might be negatively affected by genome instability that leads to deletion of 
genomic islands containing the spaCBA genes 195. In this study, two out of three 
LGG isolates from dairy products were missing major parts of the genetic islands 
LGGISL 1 and 2, including segments that contain the genes that code for all 
three pilus subunits. These studies indicate that proper genomic and phenotypic 
analyses of LGG are crucial to justifying the claims made by probiotic products. 
Also, it is important to identify and investigate the factors that affect its pili-
mediated probiotic functionality. 
1.2.4. Probing bacterial pili 
Due to their small dimensions and delicate nature, bacterial pili remained 
elusive to imaging techniques until they were identified during electron 
microscopic (EM) examination of E. coli cells 103. EM continued to be the method 
of choice for ultrastructural studies of biological samples and using this technique 
pili were identified and studied in several species of Gram-negative bacteria, and 
eventually in Gram-positive bacteria 105, 196-199. However, EM examination 
requires sample preparation involving fixation and labeling or staining 15, 200-202. 
Todd and coworkers reported from their studies on pili of Neisseria gonorrhoeae 
that the method of specimen preparation had an effect on the apparent size, 
arrangement and morphology of pili 203. They pointed out that critical-point drying 
and freeze-drying preserved the structural integrity to a greater extent as 
compared to epoxy-embedding or air drying. They also pointed out that in the 
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micrographs of gonococcal pili obtained by Swanson and coworkers, pili 
aggregation was more frequently observed in the specimens stained with uranyl 
acetate as compared to specimens stained with phosphotungstic acid.  Even with 
these limitations, EM studies have proved valuable for identification of pili and the 
advances in this technique are sure to make it a more reliable source of 
information 204. 
The year 1986 marked the invention of atomic force microscopy (AFM) 
and within a few years the technique to study biological samples using AFM was 
developed 205, 206. AFM involves a very sharp probe that scans over a surface 
with great precision facilitated by precise controls and feedback mechanism. A 
key feature of AFM is that, along with generating high-resolution images, it can 
detect and quantify interaction forces in the piconewton range 207, 208 (Figure 12).   
 
 
 
Figure 12. The study of biological samples using AFM. (a) AFM consists of a sharp 
tip that can be used to scan the surface of the sample and/or detect forces between the 
tip and the sample. (a) AFM enables the study of biological samples both in air and in a 
liquid environment. (b) AFM can be used to detect and quantify forces in the piconewton 
range. The interaction between molecules or whole cells immobilized on the tip and 
those on the sample can also be studied using AFM. (Adapted from reference 209). 
 
With regard to biological samples, AFM not only enables us to study these 
in a physiological environment (buffer), but also allows for advanced temperature 
control, fluid exchange and maintenance of liquid flow conditions if needed. The 
discipline of microbiology has been a major beneficiary of the multiple 
functionalities offered by AFM 210-212. AFM with its unparalleled versatility has 
greatly contributed to the elucidation of various morphological, biochemical and 
mechanical properties of bacterial pili 213, 214. AFM provides a platform that 
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enables researchers to not only image the entire pilus structure, but also study 
the properties of the individual pilin subunits. So, while on one hand AFM has 
enabled us to view these elusive structures with nanoscale resolution, it has on 
the other hand allowed us to understand the mechano-chemical properties that 
govern the functional abilities of pili. AFM studies of pili have been carried out for 
P. aeruginosa, S. pneumoniae, C. diphtheriae, Bifidobacterium spp. and E. coli. 
91, 213-217. While some studies focused only on obtaining high resolution images of 
pili, others combined topographic imaging with investigation of other properties of 
pili. Touhami and coworkers used AFM imaging and force spectroscopy to study 
the morphology of Type 4 pili and the bond rupture forces between these pili and 
mica 215. The Type 1 pili, P pili and S pili of E. coli have been probed for their 
biomechanical properties such as their ability to extend under applied force and 
refold when this force is removed 213, 218, 219. Rheinhaelder et al. probed the much-
studied pili of C. diphtheriae to obtain parameters such as contour and 
persistence length of these biopolymers 214. Apart from other general properties 
of pili, AFM has also helped unravel some unique properties of these structures. 
For example, using conducting-probe atomic force microscopy, pili in the species 
G. sulfurreducens were found to be highly conductive and capable of acting as 
nanowires to mediate the reduction of Fe(III) oxides 136.  
Another system used to study bacterial pili is known as optical tweezers 
(OT) and is a system which uses a “trap” created by focused laser light to hold 
and manipulate micrometer sized objects 220. The setup can also be used for 
measuring forces such as the one experienced by a pilus undergoing extension 
due to an external applied force. In this case the setup is also known as force 
measuring optical tweezers (FMOT). Binding strength of adhesin-receptor 
complexes and the bond lifetime can also be assessed using OT 221. P pili and 
Type I pili of uropathogenic E. coli were studied using this technique 222. Among 
Gram-positive bacteria, FMOT has been used to study the biomechanical 
properties of pili expressed by S. pneumoniae 223. In general, these studies 
indicate that the biophysical properties of pili are fine-tuned to the environments 
in which these bacteria live. 
 
 
37	  	  
	   37	  
1.3. Atomic force microscopy (AFM) 
 
1.3.1. Introduction 
AFM belongs to the family of techniques collectively known as scanning 
probe microscopies (SPMs), all of which rely on scanning a sharp probe (tip) 
across the surface of a sample while measuring near-field interactions between 
the tip and surface. The technique has its roots in scanning tunneling microscopy 
(STM), an invention that won its developers Gerd Binnig and Heinrich Rohrer the 
1986 Nobel Prize in Physics 224. STM depends on the tunneling current that 
develops when an overlap of tip and sample electron wave functions occurs at 
distances smaller than a nanometer. Because of the strong distance-dependence 
of tunneling current, STM allows the topographic study of conductive and semi-
conductive materials with unprecedented resolution. Although STM revolutionized 
academic and industrial research in the field of surface science, it also made 
apparent the need for a similar technique that could be applied to non-conductive 
samples in aqueous solution, rather than in vacuum. Thus, AFM was originally 
developed for the high resolution surface profiling of non-conductive samples, 
including organic materials and biological specimens that were not suitable for 
STM 205. The basic principle of AFM is very similar to that of STM in that it uses a 
sharp tip to probe the specimen surface. The force in turn can be used to image 
the topography or measure local physical, chemical or mechanical properties of a 
specimen with (sub) nanoscale resolution. Additionally, AFMs can be operated in 
vacuum, air or liquid environment, making it a valuable tool in the life sciences 
that scores over conventional bulk measurement techniques. 
1.3.2. General principles of AFM 
The functional versatility of an AFM lies in the fact that it can be used to 
image and quantify forces between the tip and samples of organic, mineral or 
biological origin directly in liquid media 225, 226. The setup consists of few key 
elements, which have now been complimented with various ancillary techniques 
and modalities to provide added functionality. 
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Figure 13. General principle of AFM. AFM imaging is performed by scanning a sharp 
tip across the sample surface while the force of interaction between the tip and the 
sample is monitored. The sample is mounted on a piezoelectric scanner which facilitates 
high-resolution three dimensional positioning. Any changes in tip position are registered 
by the movement of a laser that impinges onto a position-sensitive photodiode. The 
sophisticated controls and signal processing system enable accurate positioning of the 
tip with respect to the sample resulting in high resolution images and detection of forces 
in the piconewton range.  
 
The basic components of an AFM are a cantilever with a sharp tip, a 
sample stage, piezoelectric sensors, an optical detection system and a control 
and feedback system (Figure 13). All AFM systems also consist of a computer for 
generating and recording images and force measurement data that can be 
analyzed with the help of commercially available or homemade softwares. The 
cantilever onto which a sharp tip is mounted can be regarded as the force-
sensing arm of the AFM. The commonly used method of detecting cantilever 
deflection is the beam-bounce method (Figure 13). A laser focused on the 
reflective surface of the cantilever gets deflected when the tip experiences 
attractive or repulsive forces (Figure 13). For zero deflection of the cantilever, the 
reflected laser remains in the center of the position-sensitive photodetector 
consisting of four quadrants. Anytime the tip senses a force, the laser moves 
from its native position leading to a voltage difference between the segments of 
the photodiode. This voltage difference is proportional to cantilever deflection. 
The higher the force that is being experienced by the probe, the larger is the 
resulting cantilever deflection. The sample is mounted on a piezoelectric scanner 
that allows accurate positioning of the specimen in X, Y and Z directions (Figure 
13). Piezoelectric materials are those that expand or contract in response to a 
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change in voltage, thus bringing about movement. The key tasks performed by 
the feedback and control electronics of the AFM are generation of signals to drive 
the X-Y piezo and using the input signal from the force sensor to generate control 
voltage for the Z piezo to enable precise movement of the sample. 
 
 
 
Figure 14. AFM probes. (a) A probe consists of a support chip with a cantilever at its 
end. The cantilever itself may be rectangular or triangular (b) and bears a pyramidal tip 
at its apex. (c) Probes with more than one cantilever of varying stiffness are also 
commercially available. (d,e) The enlarged representation of cantilevers shows the 
position of the pyramidal tip. Tips with coatings such as gold are also commercially 
available (e).  
 
A crucial aspect in the performance of AFM both as an imaging and 
nanomechanical tool is the use of suitable probes.  An AFM probe consists of a 
support chip that facilitates handling and a cantilever bearing the scanning tip is 
present at the end of this chip (Figure 14a). The average size of the support chip 
is about 4 mm × 2 mm and the cantilevers are in the micrometer range. The 
radius of curvature of the AFM tip is generally a few nanometers. AFM probes are 
prepared by microfabrication processes using silicon (Si) or silicon nitride (Si3N4). 
A wide variety of AFM probes are now available commercially and these come in 
various shapes and sizes with varying stiffness and surface coatings (Figure 14). 
These modifications enhance the cantilevers´ utility with regard to specific 
experimental needs such as tip functionalization or indentation of a sample. 
Spring constants for AFM cantilevers are normally in the range of 0.01-100 N/m. 
Apart from the fact that the tip can be modified in various ways to suit certain 
experiments; it is a crucial component because the AFM resolution in X-Y is 
limited by the tip size and geometry.  
40	  	  
	   40	  
Although AFMs are remarkably simple to operate, they are highly sensitive 
instruments and their performance can be optimized by addressing some key 
issues. Some key factors that affect resolution and accuracy of measurement are 
listed below.  
(i) Dimensions of the probing tip – A sharper tip is superior in its ability to 
detect small topographic features and minor differences in local properties. 
Also important is the shape and stiffness of the tip with regard to the type 
of sample being probed 227, 228. 
(ii) Calibration of spring constant and sensitivity – Quantitative force 
measurements require accurate determination of spring constant and 
sensitivity 229. 
(iii) Responsiveness of piezoelectric elements – Higher resolution can be 
achieved when the piezoelectric elements that are used to position and 
move the tip and the sample with respect to each other show quick and 
accurate response. Essentially, the motion of the scanner should be linear 
and calibrated 230. 
(iv) Proper immobilization of specimen – If a specimen is well immobilized, 
such that it is not displaced by the force of scanning, a better resolution is 
obtained in imaging and force detection. Additionally, a clean specimen 
surface allows for scanning without tip contamination (tip contamination 
can lead to blurry images and artifacts that obscure an accurate 
representation of sample surface). 
(v) Vibrational-acoustic isolation of instrument – An instrument placed in a 
fluctuating environment will have a higher ‘noise’. Also, the instrument 
itself should be rigid and not flimsy. 
AFM imaging can be performed in different modes. The tip and sample 
may be kept in continuous contact, intermittent contact or at a fixed distance from 
each other (Figure 15). The contact mode is one in which the tip and sample 
remain in contact with each other as the tip is used to raster scan the sample to 
generate an image. Cantilever deflection (d) is proportional to the force (F) acting 
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on the tip and is given by Hooke’s law, F=-k × d, where k is the spring constant of 
the cantilever. Feedback controls keep the force constant in this mode of 
operation. The probe being in contact with the sample yields high resolution 
images 231. However, this comes with three drawbacks: possibility of 
displacement of delicate or poorly immobilized specimens, tip contamination by 
sample surface components and physical damage to soft samples. 
In the tapping or intermittent contact mode, the cantilever is oscillated near 
its resonant frequency. When the tip comes into contact with the surface, the 
oscillation amplitude dampens and this change acts as a feedback control signal. 
This signal can be used to produce an image of sample surface. In the non-
contact mode, the tip never actually touches the sample surface but oscillates at 
a distance from it. Non-contact mode essentially minimizes tip-sample interaction, 
and prevents the sample from being influenced by the probe.  
 
 
 
Figure 15. Imaging modes of AFM. Two distance regimes are seen: the contact regime 
and the non-contact regime. In the contact regime, the cantilever is held at sub-
nanometer distance from the sample surface, and the interaction force between the 
cantilever and the sample is repulsive. In the non-contact regime, the cantilever is held 
much further from the sample surface, and the interaction force between the cantilever 
and sample is attractive due to van der Waals interactions. (Adapted from reference 232). 
 
In the tapping or intermittent contact mode, the cantilever is oscillated near 
its resonant frequency. When the tip comes into contact with the surface, the 
oscillation amplitude dampens and this change acts as a feedback control signal. 
This signal can be used to produce an image of sample surface. In the non-
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contact mode, the tip never actually touches the sample surface but oscillates at 
a distance from it. Non-contact mode essentially minimizes tip-sample interaction, 
and prevents the sample from being influenced by the probe.  
Besides being used as an imaging tool, AFM can also be employed in the 
force spectroscopy mode to detect and quantify forces as low as few 
piconewtons (pN) 233. This is achieved by recording AFM force-distance (FD) 
curves (Figure 16). The AFM monitors at a given (x, y) location, the cantilever 
deflection (d) as a function of the vertical displacement of the piezoelectric 
scanner (z). This yields a raw ‘voltage-displacement’ curve, which can be 
converted into a ‘force-displacement’ curve using Hooke’s law, as previously 
mentioned. When the tip is retracted from the surface, any interaction (specific or 
non-specific) with the surface will be manifested as a resistance to increasing the 
tip-surface distance. A force will be required to overcome the binding between the 
tip and sample and restore the tip to a distance where it ceases to feel the 
binding force (Figure 16). The rupture force and distance can be deduced from 
the force curve by recording the values of force at the final force peak and the 
distance of this peak from the point of tip-sample contact. 
 
 
Figure 16. Detection and measurement of molecular recognition interaction forces. 
(a) At the start of approach, the ligand and receptor are far from each other and there is 
no interaction. The corresponding approach curve shows a constant force region 
followed by a steep rise when the tip is sufficiently close to the surface. (b) When the tip 
is retracted the bond formed as a result of molecular recognition resists the external 
unbinding force. The unbinding event is accompanied by a nonlinear elongation force 
(arrow pointing downwards), reflecting the recognition process between the molecular 
pair. (c) Control experiment with a non-relevant ligand results in no interaction and the 
unbinding force is not observed anymore. 
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A key difference between the curves obtained for specific and non-specific 
adhesive interactions is a change in slope in the retract portion of the force-
distance curve. This is because for a specific interaction, the effective spring 
constant will change when the spacer (linker attaching ligand to tip), ligand and 
protein become stretched during retraction phase (Figure 16b). Understandably, 
this will not occur for unspecific binding or no binding at all and the effective 
spring constant remains the same during approach and retract phases (Figure 16 
a, c) 234.  
Apart from calculations for binding strength between an interacting 
molecular pair, events like unfolding and/or extension can also be deduced from 
the shape of the retract portion of a force-distance curve.  Statistical mechanical 
polymer elasticity models developed from modeling of real molecules are helpful 
in identifying and describing the behavior of various biomolecules 235. 
Biomolecules such as polypeptides or polysaccharides can be treated as semi-
flexible polymers due to the constraints placed on free internal rotation by the 
structural properties of the individual units 236.  
 
 
 
Figure 17. Polymer extension models. (a) The Freely Jointed Chain (FJC) model 
treats the polymer as chain of perfectly rigid segments with perfectly flexible joints. (b) 
The extended FJC model recognizes each segment as a spring and the polymer to be a 
chain of these springs of equal stiffness. (c) The WLC model takes into account the 
cooperativity among the consecutive segments and treats the polymer as a continuous 
curve of constant bending elasticity.  (Adapted from reference 237). 
 
For example, oligonucleotides and polysaccharides have been successfully 
described by the freely jointed chain (FJC) and the extended freely jointed chain 
(FJC*) models respectively (Figure 17a, b) 238, 239. Simplest among these models 
is the freely jointed model in which the polymer is regarded as being composed of 
a number of perfectly rigid elements that are free to orient in a random and 
independent manner. In the absence of an external force, such molecules can be 
assumed to have a structure that resembles the path of a random walk, although 
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with equal distance travelled each time before the direction can change. The FJC 
model only takes into account entropic effects and discrepancies are found 
between the model and experimental observations at high forces. This is 
because with higher applied forces polymer backbone is stretched and bond-
angles are deformed leading to an increasingly enthalpic response 240. This 
limitation of the FJC model led to the development of the extended FJC model, 
described by an elasticity law expression that includes an additional parameter to 
account for the elasticity of an individual segment when stretched. Simply put, the 
segments are treated as identical springs 239. For proteins and polypeptides, the 
force-induced extension behavior is described by the widely employed WLC 
model, also known as also known as the Kratky-Porod model 241-243. Visual 
comparison to the FJC shows that the WLC is marked by a certain internal 
resistance to independent movement of the individual segments, and the 
orientation of consecutive segments is somewhat similar (Figure 17c). Under the 
WLC model, polymer extension is limited by the contour length (i.e. maximal 
extension, denoted by Lc) of the polymer. Because of the related orientation of 
consecutive segments, a term called “persistence length” (lp) is introduced to the 
extension model. Beyond this length, correlations in the direction of the segments 
are lost 244. An approximation of the force-distance relationship under this model 
can be expressed as: 
 𝐹 𝑥 = 𝑘!𝑇𝑙! 14 1 − 𝑑𝐿! !! +    𝑑𝐿! − 14 	  
 
 
In this equation, kB stands for Boltzmann constant and T is the absolute 
temperature. Using a persistence length of 0.4 nm, the WLC model describes the 
extension of polypeptides and proteins sufficiently well 242, 245.  
Dynamic Force Spectroscopy (DFS) using AFM has become a widely-
adopted approach to understand the dynamics of molecular recognition 
processes. Non-covalently bound receptor-ligand pairs, in near-equilibrium 
conditions in solution, continuously dissociate and associate depending on the 
energy barrier and bond lifetime for the particular molecular pair.  
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Figure 18. Dynamic force spectroscopy. (a) The energy landscape consists of a single 
barrier with koff being the rate constant of unbinding (solid line). The energy barrier 
separates the bound and unbound states of the receptor-ligand pair. Application of an 
external force F adds a force term and lowers the energy barrier (dashed line). xβ 
denotes the length scale of the energy barrier. (b) A plot of the adhesion force vs. 
logarithm of loading rate shows a linearly increasing trend. The slope of the plot is used 
to determine the length scale of the energy barrier and its extrapolation to zero force 
(dotted line) yields the value of the loading rate for an applied force of zero (r0) (Adapted 
from reference 246). 
 
However, when an external force is applied, activation energy barriers are 
lowered and bond lifetime shortens (Figure 18a) 247. When the unbinding force is 
plotted against the logarithm of loading rate (ln(r)) along the force-driven pathway 
a dynamic spectrum of bond strength emerges 248. Based on detailed studies of 
the dynamic nature of bond strength by Evans and Ritchie, it has been shown 
that bond strength increases linearly with ln(r) (Figure 18b) 249, 250. This logarithmic 
dependence is due to exponential amplification of the dissociation rate as the 
applied force increases 251. The loading rate is calculated as the product of retract 
(pulling) velocity and the effective spring constant and is generally expressed in 
piconewton per second (pN.s-1). If the energy landscape of the molecular pair 
consists of a single energy barrier, a linear regime with constant slope is 
observed in the unbinding force vs. ln(r) graph 234. However, for energy 
landscapes with multiple energy barriers (e.g. biotin-streptavidin), a continuous 
sequence of linear regimes with varying slopes is obtained 250. Also, for the 
biotin-streptavidin bond, it was seen that although the non-specific interactions 
showed linear dependence on ln(r) the increase was not as rapid as that for 
specific binding force 251.   Notably, some molecular pairs may not show a 
unimodal distribution of unbinding force and this could be due to more than one 
46	  	  
	   46	  
bound state, each with a distinct dissociation pathway 252. Using established 
mathematical relationships, data from DFS experiments can be used to calculate 
kinetic parameters such as the length scale of energy barriers and the kinetic off 
rate constant 253. For low loading rate, the dependence is such that the force 
increases as a low power of the loading rate. If the loading rate is increased to a 
higher value, the kinetic off-rate increases exponentially and the relationship can 
be described as:  𝑘!""∗ = 𝑘!"" ∙ 𝑒!/!! 	  
 
This relationship was first proposed by Bell 254. This in turn can be used to 
calculate the unbinding force which depends logarithmically on the loading rate.  
 𝐹 = 𝐹! ∙ ln 𝑟𝑘!"" ∙ 𝐹! 	  
 
 
Where F* is the most probable unbinding force, F0 is the binding strength at zero 
force, r is the loading rate and koff is the kinetic off-rate constant 249. The length 
scale of the energy barrier can be deduced from the slope of the plot and its 
extrapolation to zero force yields the kinetic off-rate of dissociation at zero force 
(Figure 17. b). 
 
1.3.3. Sample and tip preparation for AFM 
 A crucial aspect that determines the success of AFM experiments is 
sample preparation. Simply put, the specimen needs to be immobilized on a solid 
support using gentle, nondestructive methods 255, 256. It is especially desirable for 
biological AFM that the sample preparation method puts little or no physical, 
chemical or mechanical stress on the specimen, so that the specimen is probed 
in its native state. The first step consists of selecting a suitable substrate 
depending on whether the specimen is to be immobilized by simple physical 
technique such as adsorption or a chemical attachment. Materials such as mica, 
glass or gold-coated surfaces are commonly used. Mica is frequently used as it is 
atomically flat and simply removing a layer or two using adhesive tape yields a 
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clean, negatively charged surface. The simplest situation occurs when a microbe 
or cell type exhibits the tendency to naturally adhere to the underlying solid 
support 257. However, this is not the case for most organisms and sometimes the 
natural adhesion strength is not high enough to resist displacement by the lateral 
force exerted by the AFM tip. Another non-chemical approach is to use patterned 
substrates with appropriate well size for immobilizing the cells being studied 
(Figure 19a). Whereas the mica and glass surfaces can be modified with 
aminosilanes, gold surfaces can be modified using alkanethiols that assemble to 
form monolayers 258, 259. 
 
 
 
Figure 19. Different cell immobilization techniques for AFM. (a) Micropatterned 
substrates can be used to physically immobilize cells. (b) A substrate modified with a 
polycation can be used to electrostatically immobilize cells. Covalent attachment to 
amine-functionalised (c) or carboxyl-functionalised (d) surfaces can also be achieved. (e) 
Covalent binding can be achieved by linking amine to amine groups with glutaraldehyde. 
(f) A relatively novel approach makes use of nature-derived biocompatible adhesives 
such as polydopamine from a marine mussel. (Reprinted from reference 260) 
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These modified surfaces can then be functionalized with various 
biomolecules to improving the adhesiveness of the surfaces. Also, following 
simple protocols, alkanethiols can be used to prepare hydrophobic or hydrophilic 
surfaces. For bacteria, substrates that have been treated with polycations such 
as poly-L-lysine or polyethyleneimine (PEI) are often useful (Figure 19b). Strong 
binding can be achieved by using covalent attachment to amino-functionalized or 
carboxyl-functionalized substrates (Figure 19c, d). Covalent binding can also be 
achieved by either linking amine and carboxyl groups with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide-N-hydroxysuccinimide (EDC-NHS) or by 
linking amine to amine groups with glutaraldehyde (Figure 19e) 260, 261. 
Biocompatible glue consisting of polyphenolic proteins from the marine mussel 
Mytilus edulis has also been used for immobilizing cells for AFM analysis (Figure 
19f) 260. However, it is easy to imagine that cell walls or membranes that come 
into contact with such chemically altered surfaces may undergo changes or 
deformations.  
 
 
Figure 20. Pore-trapping method for cell immobilization. The pore-trapping method 
makes use of isopore membrane filters with pore size comparable to the size of bacterial 
cell or yeast. (a) The method is best applied to spherical cells cells and these get trapped 
in the pores as the bacterial suspension is filtered through the membrane. (b) Rod-
shaped cells can get trapped vertically or horizontally with their polar or lateral side 
exposed for investigation.  
 
Therefore, a widely used method accomplishes bacterial immobilization by 
trapping them in polycarbonate isopore membranes having pore size comparable 
to the dimensions of the cell (Figure 20) 262. As the cell suspension is filtered 
through the membrane under pressure, cells are mechanically trapped in the 
pores and can then be easily imaged or force probed. The method was originally 
developed for spherical cells but has been successfully applied to rod-shaped 
cells too (Figure 20b) 263. The method does not involve any chemical exposure to 
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cells, but some groups have pointed out that the cells trapped in pores are under 
mechanical stress 264.  
 
Modification of AFM tips with relevant chemical groups, biomolecules or 
whole cells is a widely used strategy for studying the interactions of biosurfaces 
(Figure 21). Following an approach similar to that utilized for substrate 
modification, chemical functionalization of gold-coated tips can be achieved by 
formation of self-assembled layers terminated by functional groups such as OH, 
COOH or CH3 (Figure 21a) 265. 
 
 
Figure 21. Functionalization of AFM tips. (a) AFM tips can be modified to display 
chemical groups such as methyl. (b) Tips can also be modified to carry biomolecules 
such as proteins or polysaccharides. (c) Whole cells can be immobilized onto AFM tips 
to form cell probes. As needed, one or more cell can be attached to the tip or onto an 
inert bead which in turn is attached to the tip. 
 
For molecular recognition studies, or more broadly for the so-called single-
molecule force spectroscopy (SMFS), the relevant biomolecules have to be 
attached to the tips (Figure 21b). It is important that these biomolecules are 
attached keeping in mind certain issues such as: 
 
(i) The force of attachment of these biomolecules on the tip should be 
considerably higher than the forces being studied, to prevent 
detachment during the experiment. 
(ii) The linker should be flexible and long enough to allow free 
movement of the attached biomolecules. 
(iii) The biomolecules should be preferably attached by site-directed 
coupling methods such that the individual biomolecules on the tip 
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are not attached in random orientation, as it can lead to a higher 
percentage of non-specific interactions. 
(iv) The biomolecular density on the tip should be low, in order to 
facilitate single molecule detection.  
A commonly used method is attachment of thiol groups to gold surface. 
Proteins, oligonucleotides and carbohydrates that naturally bear thiol groups can 
be easily immobilized on gold-coated tips using this approach. For other 
biomolecular species, gold surfaces can be modified with alkanethiols and the 
biomolecules can be attached to the resulting self-assembled thiol layers. The 
density of the biomolecules to be attached can be controlled by adjusting the ratio 
of long- to short-chain thiols 266. Another method that allows specific orientation 
involves attachment of poly Histidine tag bearing recombinant proteins to AFM 
tips coated with nitrilotriacetate (NTA)-terminated alkanethiols 267. In experiments 
where larger forces are to be investigated, it is appropriate to follow methods that 
covalently attach the biomolecules to the AFM tip. Amine-functionalization of 
silicon surfaces by use of aminopropyltriethoxysilane (APTES) or ethanolamine 
hydrochloride is followed by its attachment with a crosslinker. The crosslinker 
may be 2-pyridyldithiopropionyl-polyethyleneglycol-N-hydroxysuccinimide (PDP-
PEG-NHS), aldehyde-PEG-NHS or acetal-PEG-NHS 268, 269. 
In case of the aldehyde-PEG-NHS linker, the NHS ester binds to the amino-
modified tip and the other end is free for conjugation to lysine residues of a 
protein (Figure 22a, b). This linker has a tendency to form loops on the tip since it 
has two amino-reactive sites. The acetal-PEG-NHS linker developed by Gruber 
and coworkers requires an additional step in which the acetal group is converted 
to aldehyde group, but this linker is free from the drawback of loop formation on 
tip surface (Figure 22c, d) 270.  
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Figure 22. AFM tip functionalization with aldehyde-PEG-NHS as compared to 
acetal-PEG-NHS. (a) Loop formation between adjacent amino groups can occur with 
aldehyde-PEG-NHS. (b) Loop formation is largely suppressed at high concentrations of 
aldehyde-PEG-NHS. (c) No loop formation occurs with acetal-PEG-NHS. (d) loop 
formation on the tip surface is avoided when the acetal is converted into a benzaldehyde 
function. (e) Lysine residues of proteins can be coupled to terminal benzaldehyde 
functions. (Reprinted from reference 270) 
 
A set of interesting methods were also developed to have single bacterial 
or yeast cells immobilized on AFM tips, enabling the so-called single-cell force 
spectroscopy (SCFS) 271, 272. The simplest method makes use of the fact that 
most bacterial surfaces are negatively charged 273. Such cells can be 
electrostatically attached to tips that have been coated with chemicals 
substances that impart a positive charge, e.g. polyethyleneimine (PEI) 274. 
Alternatively, glue or glutaraldehyde-induced crosslinking have also been 
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employed to attach bacteria to AFM tips. A more recently discovered adhesive 
with biocompatible characteristics has also been used to attach bacteria to tips 
275, 276. Beaussart and colleagues used colloidal probe cantilevers and a 
bioinspired polydopamine wet adhesive to attach bacterial cells for force 
spectroscopy (Figure 21c) 277.  
 
1.3.4. Recent progress in microbiological AFM 
The potential of AFM for probing cells was recognized as early as 1990 206. 
Owing to its high distance and force resolution AFM became the technique of 
choice for imaging and real-time mapping of biological interactions. AFM has 
been employed to answer questions in diverse fields such as plant and animal 
biology, virology, and has brought about a sort of revolution in the investigation of 
problems in microbiology 14, 278-280. AFM has been used to image and probe entire 
microbial cells, their isolated components and their individual biomolecules. 
AFM has been used to unravel the supramolecular architecture of 
membrane from photosynthetic bacterium Rhodospirillum photometricum, and 
the changes in the membrane in response to light 281. Using AFM, S-layers have 
been studied for Corynebacterium glutamicum and Deinococcus radiodurans 282. 
Oesterhelt and colleagues studied the unfolding behavior of individual 
bacteriorhodopsin molecules from Halobacterium salinarum 283. Detection and 
mapping of adhesins on bacterial surfaces is also important to clinically-relevant 
species and this has been achieved for the pathogens such as M. tuberculosis 
and Moraxella catarrhalis 284, 285. Wall peptidoglycan architecture has been 
studied for Bacillus subtilis and Lactococcus lactis (Figure 23) 286, 287. In addition 
AFM has been used to study growth-related changes, response to chemical 
agents, wall elasticity, adhesion and distribution of specific protein ligands on 
microbial cells 14, 212. Ando and colleagues have applied high speed AFM to 
record dynamic changes on the surface of live bacterial cells to reveal structural-
functional relationships for outer membrane architecture of a magnetotactic 
bacterium 288. In another study high speed-AFM (HS-AFM) was used to identify 
the amino acid residues responsible for assembly of bacteriorhodopsin trimers in 
the purple membrane of H. salinarum 289. 
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 With regard to probiotic species, AFM is developing as a method of choice 
to image and probe the surfaces of these clinically and commercially important 
group of organisms. Dague and coworkers studied the interactions between L. 
lactis cells and mucins 290. The study highlighted the contribution of both specific 
and non-specific interactions between the mucin surface and the tip-immobilized 
L. lactis. Another study compared the surfaces of few lactic bacterial species and 
found differences in key surface components such as proteins and 
polysaccharides 291. Researchers have also succeeded in detecting and probing 
polysaccharides present on microbial surfaces using cognate lectins 101. The 
study revealed the presence of longer galactose-rich polysaccharides and shorter 
mannose-rich polysaccharides on the surface of wild-type LGG. 
 
 
 
Figure 23. Imaging the nanoscale organization of peptidoglycan in living bacteria. 
(a) Topographic image of two dividing Lactococcus lactis cells lacking cell wall 
exopolysaccharides. (b) Single-molecule recognition map (400 nm × 400 nm) recorded 
with an LysM probe in the square area shown in the topographic image; peptidoglycan 
molecules were detected (bright pixels) and found to be arranged as lines running 
parallel to the short cell axis (red lines). (c) Schematic views of the architecture of the L. 
lactis cell wall: the top cartoon emphasizes the two layers of the cell wall, i.e. periodic 
bands of peptidoglycan (blue) covered by cell wall polysaccharides (brown), while the 
bottom cartoon is an enlarged view of the peptidoglycan nanocables (blue) lying on the 
membrane (green). (Reprinted from reference 287). 
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 As mentioned earlier, Andre et. al. combined AFM and the use of cell wall 
mutants for imaging the nanoscale architecture of peptidoglycan in living L. lactis 
bacteria (Figure 23a). The cell surface was mapped using force spectroscopy 
with AFM tips modified with a peptidoglycan-binding motif (Figure 23b). The study 
found evidence in favor of the planar model, in which peptidoglycan strands are 
arranged around the short cell axis and run parallel to the plasma membrane 
(Figure 23c). Another wall component, namely WTAs have also been found to 
exert influence on host interaction of lactic bacteria 99. For the probiotic species L. 
plantarum, AFM imaging revealed that strains expressing WTAs have a highly 
polarized surface morphology, the poles being much smoother than the side 
walls 292. The observations indicated that the spatial distribution of WTAs on the 
cell wall of this species plays a key role in controlling cell morphogenesis (surface 
roughness, cell shape, elongation, and division). Younes and colleagues used 
AFM to quantify adhesion forces between lactobacilli and three pathogenic 
Staphylococcus aureus strains 293. They found stronger interaction forces 
between the staphylococci and the probiotic L. reuteri RC-14 as compared to 
those between staphylococcal pairs. Such experiments are essentially geared 
towards the possible development of probiotic lactobacilli as pathogen traps. In a 
recent study, interactions between two probiotic strains, LGG and LGR-1, and 
milk proteins were studied 294. Notably, AFM enabled the identification of specific 
interactions between bacteria and whey proteins and the nonspecific interactions 
of bacteria with micellar casein. Thus, it is evident that AFM is being utilized to 
further our understanding of various structural and functional aspects of probiotic 
bacteria. Before this thesis, however, the technique had never been used to 
investigate the structural and biophysical properties of pili from probiotic bacteria. 
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ABSTRACT 
In living cells, sophisticated functional interfaces are generated through the self-
assembly of bioactive building blocks. Prominent examples of such biofunctional 
surfaces are bacterial nanostructures referred to as pili. Although these 
proteinaceous filaments exhibit remarkable structure and functions, their potential 
to design bio-inspired self-assembled systems has been overlooked. Here, we 
used atomic force microscopy (AFM) to explore the supramolecular organization 
and self-assembly of pili from the Gram-positive probiotic bacterium Lactobacillus 
rhamnosus GG (LGG). High-resolution AFM imaging of cell preparations 
adsorbed on mica revealed pili not only all around the cells, but also in the form 
of remarkable star-like structures assembled on the mica surface. Next, we 
showed that two-step centrifugation is a simple procedure to separate large 
amounts of pili, even though through their synthesis they are covalently anchored 
to the cell wall. We also found that the centrifuged pili assemble as long bundles. 
We suggest that these bundles originate from a complex interplay of mechanical 
effects (centrifugal force) and biomolecular interactions involving the SpaC cell 
adhesion pilin subunit (lectin-glycan bonds, hydrophobic bonds). Supporting this 
view, we found that pili isolated from an LGG mutant lacking hydrophilic 
exopolysaccharides show an increased tendency to form tight bundles. These 
experiments demonstrate that AFM is a powerful platform for visualizing 
individual pili on bacterial surfaces and for unravelling their two-dimensional 
assembly on solid surfaces. Our data suggest that bacterial pili may provide a 
generic approach in nanobiotechnology for elaborating functional supramolecular 
interfaces assembled from bioactive building blocks. 
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INTRODUCTION 
Many bacteria express nanoscale fibrous extracellular appendages known 
as pili or fimbriae on their surfaces.1-6 These proteinaceous filaments were first 
observed in the 1950s by electron microscopy in Gram-negative pathogens,1 and 
later on in Gram-positive bacteria.2 Over the past decades, pili have been 
identified and characterized in many bacterial species, mostly Gram-negative 
ones.3-5 Recently, however, pili have been found in an increasing number of 
Gram-positive species, particularly in the pathogens Corynebacterium diphtheria 
and various Streptococcus species, such as S. pyogenes, S. agalactiae and S. 
pneumoniae.6 Pili from Gram-positive bacteria are composed of covalently 
polymerized subunits forming a single large molecule (up to more than 1 MDa). 
Usually, a major pilin subunit builds up the shaft of the pilus fibers, which are 
further decorated with one or two accessory pilin subunits. The polymerization of 
these subunits is catalyzed by pili-specific sortase enzymes.7 
By virtue of their long, flexible nature, bacterial pili fulfill various key 
functions, including promoting interactions with other bacteria, host cells, 
bacteriophages or environmental surfaces,7 facilitating the transfer of genetic 
material among bacteria,8 mediating twitching motility and the secretion of 
specific proteins.9 Interestingly, in several Streptococcus species, pilus 
components seem to be promising candidates for vaccine development.10 
Recently, pili-mediated bacterial-host interactions were demonstrated in the 
probiotic Gram-positive bacterium Lactobacillus rhamnosus GG (LGG).11,12 
Expression and localization of intact pili on the LGG cell surface were confirmed 
by immunoblotting and immunogold-labeled electron microscopy.11 LGG cells 
were shown to contain multiple pili, averaging 10 to 50 per cell, with lengths of up 
to 1 µm, predominantly near the cell poles.11 The LGG pili are composed of three 
pilin subunits: SpaA is the major fiber component building up the pilus shaft, while 
SpaB and SpaC are the minor fiber components.11 SpaC appears to be the cell 
adhesion pilin subunit responsible for binding to human mucus11 and intestinal 
epithelial cells.12 The SpaC subunit seems to be distributed at the pilus tip, but 
also along the length of the pilus shaft, possibly to promote both long-distance 
and intimate contacts with human mucus and other substrates.11 
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Electron microscopy has long been the only tool available for the direct 
observation of bacterial pili.13,14 Yet, electron microscopy techniques require 
delicate, time-consuming protocols, such as immunolabelling, do not provide a 
quantitative analysis of the critical dimensions of pili, and are not well-suited for 
analyzing their self-assembly on solid surfaces. In recent years, atomic force 
microscopy (AFM) has emerged as a powerful tool for analyzing the structure, 
function and dynamics of microbial cell surface constituents,15-20 including pili.21-24 
Whether AFM can unravel the nanometer-scale organization of pili on LGG 
bacteria, and their supramolecular assemblies on solid surfaces, is the question 
we address here. 
EXPERIMENTAL SECTION 
Bacterial strain, growth conditions and sample preparation. L. 
rhamnosus GG (ATCC 53103) wild-type and the exopolysaccharide (EPS)-
deficient mutant CMPG535125 were grown in de Man-Rogosa-Sharpe (MRS) 
broth (Difco) up to the mid-exponential phase, as previously described. To this 
end, cells stored in MRS broth with 25% (v/v) glycerol at -80°C were first streaked 
on MRS agar and allowed to grow at 37°C for 48 h. A single colony was picked 
and inoculated into 10 ml broth for pre-culture. Cells from the pre-culture were 
inoculated into fresh broth and allowed to grow 8 hrs to mid-exponential phase 
(optical density at 595 nm = 0.8-1.0) at which they were harvested for study. 
We analyzed either “native cells”, i.e. cells taken directly from the growth 
medium, or “centrifuged cells”, i.e. cells centrifuged once at 8000 × g for 30 min, 
and resuspended in acetate buffer. In addition, we also analyzed “isolated pili” 
obtained by subjecting the supernatant of the centrifuged cells to a second, high-
speed centrifugation at 20000 × g for 60 min,21 followed by resuspension in 
acetate buffer. 
Atomic force microscopy. AFM contact mode images were obtained 
either in liquid (acetate buffer) or in air, at room temperature, using a Nanoscope 
V Multimode AFM (Nano Surfaces Business, Bruker Corporation, Santa Barbara, 
CA), MSCT cantilevers with a nominal spring constant of 0.01 N/m, and a 
scanning rate of 2 Hz. For imaging in liquid, cells were immobilized by 
mechanical trapping into porous polycarbonate membranes (Millipore, Billerica, 
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MA) with a pore size similar to the bacterial cell.26,27 After filtering a cell culture, 
the filter was gently rinsed with the buffer, carefully cut (1 cm x 1 cm), attached to 
a steel sample puck using a small piece of double face adhesive tape, and the 
mounted sample was transferred into the AFM liquid cell while avoiding 
dewetting. For imaging in air, the cell suspension was diluted 10 times in acetate 
buffer, while the pili fraction was not diluted. 100 µl of the cell or pili suspension 
were put in contact with freshly cleaved mica supports mounted on steel pucks. 
The samples were incubated for 2 hours at 30°C, gently rinsed in three 
successive baths of acetate buffer and allowed to dry at 30°C for 2 hours. 
RESULTS AND DISCUSSION 
LGG bacteria imaged in liquid show a polarized surface 
nanomorphology devoid of pili. We first investigated the nanoscale 
morphology of living LGG wild-type bacteria using AFM in liquid. In agreement 
with the fact that pili genes are mainly expressed in exponential phase,28 cells 
were harvested in the mid-exponential phase and immobilized on porous polymer 
membranes.  
Topographic images (Figure 1) revealed a highly polarized cell surface, the 
polar region (a,b) being smoother than the side walls (c,d; root mean square 
roughness, Rrms, of 1.66 nm vs 2.65 nm on 500 nm by 500 nm areas). Unlike the 
poles, the side walls showed wave-like structures that we previously suggested to 
be extracellular polysaccharides (EPS) since they were no longer observed on a 
mutant impaired in EPS production.29 Our finding is reminiscent of earlier 
observations we made on another probiotic bacterium, Lactobacillus plantarum, 
showing that the cell surface is also polarized (smooth poles vs wavy side wall).18 
This cell surface asymmetry is in agreement with the fact that most rod-shaped 
bacteria have two ways of cell wall biosynthesis both separated in time and 
space.30 Rod-shaped cells grow mainly by extending the length of the cylinder. 
New poles are only synthesized during a relatively short time window at cell 
division (septation), after which the pole walls become metabolically inert.31 
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Figure 1. Imaging single LGG bacteria in liquid. AFM height (a, c) and deflection (b, d) 
contact- mode images of LGG bacteria recorded in acetate buffer. Exponentially-growing 
cells were directly trapped in a porous polymer membrane for liquid imaging. While the 
polar region showed a smooth, featureless surface (a, b), the side walls showed a rough, 
wavy morphology (c, d). Similar observations were made in more than 6 images from at 
least two independent experiments. 
 
Importantly, LGG pili were never observed using AFM in liquid, neither on 
the cell surface nor on the polymer membrane. Multiple images obtained from 
many independent cultures yielded the same behavior, indicating it was not due 
to variations in culture conditions. This finding, in contrast with earlier electron 
microscopy observations,11 suggests that pili are too flexible, too mobile or too 
fragile to be observed in liquid. 
LGG bacteria imaged in air are decorated with pili. We reasoned that if 
pili were indeed present, they should be more easily visualized in air. To test this 
hypothesis, mica substrata were incubated for 2 hrs with a small volume of a cell 
culture (no centrifugation), gently rinsed and dried, and then observed by AFM. 
Figure 2 shows representative images of LGG wild-type cells. Unlike bacteria 
analyzed in liquid, most cells exhibited multiple filaments that had an average 
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length of 1.0 ± 0.3 µm (mean and standard deviation on 50 measurements) and 
average diameter of 5.0 ± 1 nm. In view of these nanoscale dimensions and of 
earlier electron microscopy data,11 these nanofilaments can be unambiguously 
attributed to pili. Pili were never seen on cells in the early exponential phase (< 6 
hrs growth), consistent with the notion that pili synthesis and build-up take some 
time, while they were observed in cells from stationary phase cultures (24 hrs 
growth). Although a systematic investigation into the effects of aging on pili 
expression remains to be conducted, preliminary tests performed during the 
course of this work suggest that it is best to work with fresh cultures. 
	  
	  
Figure 2. Imaging single LGG bacteria in air. (a-d) AFM deflection images (contact 
mode) in air of exponentially growing cells that were directly deposited on mica and dried 
prior analysis. The images show that nanoscale filaments, attributed to pili, decorated the 
surface of most cells (see black arrow in a). In addition, isolated pili forming assemblies 
were also seen on the mica surface (see white arrow in a). Vertical cross-sections taken 
in the height images corresponding to images c and d (see dashed lines) are also shown 
to emphasize the pili diameter. Similar observations were made in more than 10 images 
from at least two independent experiments. 
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Isolated pili form star-like assemblies on mica. High-resolution images 
revealed that pili were observed not only all around the cells, but also as isolated 
filaments lying on mica (Figure 3). As the cell preparations were not subjected to 
centrifugation, this observation suggests that pili, after being released into the 
culture medium during growth, adsorbed on the mica surface. A possible 
explanation could be that pili are released - or shed - from the LGG cell surface 
during growth in parallel with peptidoglycan remodeling during growth, since they 
are covalently attached to peptidoglycan via sortase enzymes.32 In addition, the 
large variations in pili lengths suggest that the filaments had been broken, most 
likely as a result of shear forces associated with drying. 
Notably, we found that most isolated pili formed two-dimensional 
assemblies with star shapes (Figure 3). That LGG pili are able to interact with 
each other is consistent with the notion that pili from Gram-positive bacteria, in 
addition to mediating bacterial-host interactions, are known to promote bacterial 
aggregation through pili-pili bonds.6 Although the molecular mechanisms 
underlying pili assembly remains to be elucidated, it is very likely that star shapes 
result from strong interactions between pili ends, together with some cross-
bridges between pili, as occasionally observed (Figure 3e and 3f). As the SpaC 
pilin subunit is present at the tip and dispersed along the pilus length,11 it must 
have an important role in star formation or inter-pili cross-bridges. In the future, 
changing the composition of the pili base and pili tip through genetic engineering 
should allow us to clarify the nature of the molecular interactions involved in 
forming star-like assemblies (lectin-glycan interaction, hydrophobic interaction). 
Lastly, we note that a number of pili had a spring-like appearance, with 
helical repeats that were typically 20-50 nm in length (Figure 3e, inset). Because 
these spring-like features were only observed on specific pili, we believe they 
reflect actual helical structures rather than imaging artifacts. This interpretation is 
supported by earlier AFM and electron microscopy studies. Indeed, AFM images 
of Pseudomonas aeruginosa Type IV pili revealed helical structures somewhat 
similar to here.21 Also, electron micrographs of Escherichia coli type 1 pili showed 
the pili ended in a ~20 nm long flexible coiled tip, apparently built like a spring.33 
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Figure 3. AFM unravels the two-dimensional star-like assembly of native pili. (a-f) AFM 
deflection images (contact mode) of isolated pili in air, obtained by bringing a cell 
suspension in contact with mica for 2 hrs. Pili were rarely found as individual filaments, 
but most often connected through their ends to form two-dimensional assemblies 
resembling stars (arrows). The inset in (e) represents an enlarged view of a pilus 
showing a helical spring-like structure. Similar observations were made in more than 10 
images from at least two independent experiments. 
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We suggest the helical structures observed for LGG pili could have 
functional roles, i.e. by acting like a spring to help the bacteria to reach host cells 
after initial contact, and by enabling them to withstand physiological shear forces 
encountered during colonization. Whether there could actually be two different 
types of pili in LGG, helical and non-helical ones, is currently unknown. Indeed, 
imaging helical structures by AFM in air is delicate because pili are very thin and 
the high imaging force in air makes high resolution imaging difficult. Hence, it is 
likely that more helical structures are present but not seen by the tip. 
Centrifugation of the pili triggers the formation of bundle-like assemblies 
on mica. The use of bacterial pili in nanobiotechnology and supramolecular 
science implies their production and separation by high throughput methods. 
Therefore, cells were subjected to a two step centrifugation procedure with the 
aim to break the filaments from the cells, and to separate them from the 
supernatant. 	  
	  
Figure 4. Cells subjected to centrifugation are devoid of pili. (a,b) AFM deflection images 
(contact mode) in air of exponentially-growing cells that were centrifuged once (8000 × g 
for 30 min), resuspended, deposited on mica and dried. Pili were not observed on the 
cells, or on the mica surface, indicating they had been broken and separated by the 
centrifugation process. Similar observations were made in more than 10 images from at 
least two independent experiments. 
 
Figure 4 shows that cells subjected to 8000 × g centrifugal forces were all 
devoid of pili, confirming that all filaments had been broken upon centrifugation. 
This finding is quite remarkable since pili from Gram-positive bacteria, unlike 
those from Gram-negative bacteria, are covalently attached to the cell wall 
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peptidoglycan. In earlier studies, Gram-positive pili are generally separated from 
cells by enzymatic treatments involving the use of peptidoglycan hydrolases such 
as N-acetyl muramidase (mutanolysin).11,34 Figure 5 shows that supernatants 
further subjected to a 20000 × g centrifugation were enriched in pili, without 
evidence for the presence of other structured cellular material. Importantly, 
isolated pili were found, not as individual filaments, but most often entangled as 
bundles. These pili were surprisingly long, up to 10 µm, compared to those that 
were not subjected to centrifugation, leading us to believe that bundles formed by 
centrifugation are stabilized by strong lateral inter-pili interactions, thus less 
sensitive to mechanical forces associated with rinsing and drying. In addition, we 
found that some pili had a spring-like appearance, somewhat similar to that 
observed on native pili except that their helical repeats were apparently longer, in 
the 50-250 nm range (Figure 5b, inset). This observation supports the idea that 
pili behave like springs capable of elongation under an external force, like the 
centrifugal force here, or like the shear fluid force occurring in the gastro-
intestinal tract. 
What are the mechanisms underlying bundle formation? We speculate that 
bundle assemblies result from a combination of physical and biochemical forces. 
We expect that mechanical forces exerted during centrifugation will induce pili 
breakage during the first lower speed centrifugation, even though they are 
covalently anchored, followed by pili alignment in one direction, combined with an 
increase in the number of pili-pili encounter events, during the subsequent high-
speed centrifugation. The nature of the pili-pili bonds can be manifold. The 
uniform distribution of SpaC within pili, as revealed by immunogold electron 
microscopy,11 could strengthen intimate lateral contacts between pili. In 
particular, inter-pili interactions could result from the presence of a stretch in the 
SpaC protein (amino acid residue 137 till 262) which is similar to the type A 
domain of the von Willebrand factor (vWFA).11 These domains are known to be 
involved in the formation of supramolecular structures.35 In addition, as pili might 
be glycosylated (work in progress) and SpaC has lectin activity,11 it is also 
possible that lectin-glycan interactions take place. Finally, non-specific 
interactions, like hydrophobic interactions, could also contribute to strengthen pili-
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pili bonds as many bacterial pili are known to be hydrophobic.36 Indeed, SpaB 
and SpaC pilins are rich in hydrophobic residues.11 	  
	  
Figure 5. Pili subjected to double centrifugation form two-dimensional bundles. (a-f) AFM 
deflection images (contact mode) of pili obtained following double centrifugation (8000 × 
g for 30 min, followed by 20000 × g for 60 min), emphasizing the formation of bundle-like 
assemblies in which pili are held together laterally. The inset in (b) represents an 
enlarged view of a bundle of pili showing helical spring-like structures. Similar 
observations were made in more than 10 images from at least two independent 
experiments. 
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Figure 6. Pili from an LGG mutant lacking exopolysaccharides form tighter bundles. (a-
d) AFM deflection images (contact mode) of pili from the CMPG5351 mutant obtained 
following double centrifugation, emphasizing the formation of tighter bundle-like 
assemblies. Similar observations were made in more than 6 images from at least two 
independent experiments. 
	  
Supporting this notion, we observed that pili obtained from the LGG 
bacterial mutant lacking hydrophilic exopolysaccharides formed bundle-like 
assemblies that were more tightly packed (Figure 6). This suggests that 
hydrophilic exopolysaccharides probably coprecipitate with the hydrophobic pili 
during the 20000 × g centrifugation, thereby impacting negatively on bundle 
formation. A comprehensive understanding of these supramolecular structures 
will require additional structural, genetic and biochemical data on the LGG pili. 
Our finding of strong lateral inter-pili interactions is reminiscent of the zipper-like 
adhesion mechanism proposed for pilus-mediated streptococcal adherence to 
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cell surfaces.6 Such zipper-like sequential adhesion down the pilus length would 
decrease the distance between bacterial and host-cell surfaces, strengthening 
intimate attachment and colonization. Whether in nature zipper-like adhesion 
occurs down the LGG pilus length is not known yet. 
Another pertinent question is whether bundle formation is of physiological 
relevance. Enteropathogenic Escherichia coli are known to express bundle-
forming pili creating a network of fibers that bind together the individual 
organisms.37 Changes in bundle shape and elongation were suggested to induce 
the approach of the pathogen to the host cell or enable microcolonies to 
spread.33,37 Although bundles were not observed in native conditions in the 
present work, they may form in vivo under certain conditions to promote host cell 
interactions. 
Self-assembly of bacterial pili: towards new opportunities for 
nanobiotechnology. Currently, there is much interest in using bacterial cell 
surface components to create bio-inspired systems and interfaces for 
nanotechnology. Bacterial surface layers (S-layers) represent a prominent class 
of proteins used in this context.38,39 These 2-D crystalline arrays of (glyco) 
proteins, with molecular weight ranging from 40 000 to 200 000 Da, represent 
one of the most common cell surface structures in bacteria. A remarkable feature 
of S-layer subunits is their ability to self-assemble into two dimensional arrays, 
either in suspension or at various interfaces. These unique properties are 
increasingly used for developing new applications in biomimetics and 
nanotechnology. Along the same line, we expect that the self-assembly of 
bacterial pili on surfaces, as demonstrated here, could contribute to the design of 
new diagnostic tools, biotemplates and biocompatible surfaces. Changing the 
properties of the pili by genetic engineering should allow researchers to control 
their structural and functional properties, and in turn modulate biological 
responses, such as the adhesion of bacteria, animal cells and host tissues. 
CONCLUSIONS 
The design of functional nanostructures assembled from bioactive building 
blocks has emerged as a very hot topic in supramolecular research.40 
Understanding and controlling the assembly of these building blocks require their 
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production in large amounts, and their direct visualization by means of high-
resolution imaging techniques. We have shown i) that bacterial pili form self-
assembled nanostructures on surfaces with remarkable patterns (stars, bundles), 
depending on preparation conditions, thus offering new avenues for building 
bioactive supramolecular systems, and ii) that AFM is ideally suited for visualizing 
these bio-assemblies. In future research, genetically engineered pili exhibiting 
controlled properties should provide a generic approach for the design of 
biofunctional self-assembled interfaces. Changing specific regions of the pili 
through genetic engineering should allow to alter their specific and non-specific 
biomolecular interactions, and, in turn, the structure and functionalities of their 
assemblies. Our experiments should also find broad applications in life sciences 
for understanding pili-mediated cellular functions. For instance, the manipulation 
of individual pili with AFM tips modified with specific bioligands should allow the 
exploration of the forces that drive their attachment to host cells, thus providing 
key insight into the molecular bases of bacterial-host interactions. 
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ABSTRACT 
Knowledge of the mechanisms by which bacterial pili adhere to host cells 
and withstand external forces is critical to our understanding of their functional 
roles, and offers exciting avenues in biomedicine for controlling the adhesion of 
bacterial pathogens and probiotics. While much progress has been made in the 
nanoscale characterization of pili from Gram-negative bacteria, the adhesive and 
mechanical properties of Gram-positive bacterial pili remain largely unknown. 
Here, we use single-molecule atomic force microscopy to unravel the binding 
mechanism of pili from the probiotic Gram-positive bacterium Lactobacillus 
rhamnosus GG (LGG). First, we show that SpaC, the key adhesion protein of the 
LGG pilus, is a multifunctional adhesin with broad specificity. SpaC forms 
homophilic trans-interactions engaged in bacterial aggregation, and specifically 
binds mucin and collagen, two major extracellular components of host epithelial 
layers. Homophilic and heterophilic interactions display similar binding strengths 
and dissociation rates. Next, pulling experiments on living bacteria demonstrate 
that LGG pili exhibit two unique mechanical responses, i.e. zipper-like adhesion 
involving multiple SpaC molecules distributed along the pilus length, and 
nanospring properties enabling pili to resist high force. These mechanical 
properties may represent a generic mechanism among Gram-positive bacterial 
pili for strengthening adhesion and withstanding shear stresses in the natural 
environment. The single-molecule experiments presented here may help us to 
design molecules capable to promote or inhibit bacterial-host interactions. 
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INTRODUCTION 
Probiotic bacteria are thought to contribute to human health through 
several mechanisms, including competitive exclusion of pathogenic bacteria, 
reinforcement of the intestinal epithelial barrier, and modulation of the immune 
system of the host, particularly in the small intestine.1-7 Consequently, probiotics 
have great potential in the prevention and treatment of gastrointestinal infections, 
inflammatory conditions and allergic reactions or as carrier and adjuvant in 
vaccination.8,9 Bacterial cell surface constituents play key roles in establishing 
tight interactions between probiotics and their host.10-12 In the Gram-positive 
species Lactobacillus rhamnosus GG (LGG), key players in promoting adhesive 
interactions with mucus and epithelial cells are the recently discovered cell 
surface pili.13,14 LGG cells contain multiple pili, averaging 10 to 50 per cell, and 
with lengths of up to 1 µm.13 Comparative genomics has revealed the presence 
of a gene cluster which encodes SpaCBA polymeric pili exhibiting an intestinal 
mucus-binding capacity and which is not present in less adherent related strains 
such as L. rhamnosus Lc705.13 While the adhesive and mechanical properties of 
pili from Gram-negative bacteria have been widely investigated using various 
single-molecule techniques,15-22 the biophysical properties of pili from LGG and 
other Gram-positive bacteria remain largely unknown. 
LGG pili are composed of three pilin subunits. SpaA is the major fiber 
component building up the pilus shaft, while SpaB and SpaC are the minor fiber 
components.13 Mass spectrometry analysis has revealed a SpaA:SpaC:SpaB 
ratio of 5:2:1. SpaC has a central role in adhesion as it is responsible for binding 
to human mucus and intestinal epithelial cells.13,14 This subunit is localized at the 
pilus tip, but also along the length of the pilus shaft, enabling bacteria to establish 
both long-distance and intimate contact with host tissues.23 The mature SpaC 
pilin subunit is an 895 residue protein (Figure 1a, top) whose primary structure 
analysis predicts the presence of a stretch of residues similar to the type A 
domain of von Willebrand factor (137-262) and 3 domains also present in the 
collagen-binding protein of Staphylococcus aureus: a repeat unit of collagen-
binding protein domain B (cd00222) (residues 496-551) and 2 Cna protein B-type 
domains (pfam05738) (621-681 and 749-818), which are also present in the 
collagen-binding surface proteins of S. aureus.13 These domains do not mediate 
binding in the collagen-binding protein of S. aureus, but rather function as a stalk 
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that presents the ligand binding domain away from the bacterial surface.24 The 
three-dimensional structure of SpaC is not available yet, but some general 
structural features may be inferred from the known structure of related pilins. 
Starting in 2007, structural analyses of major and minor pilins from Gram-positive 
bacteria have revealed a common modular structure of tandem immunoglobulin 
(Ig)-like domains joined end-on-end and stabilized by intramolecular isopeptide 
bonds.25 Ig-like domains consist of multiple b-strands decorated with inserted 
helices, strands, and loops. In the important Gram-positive model 
Corynebacterium diphtheriae, the shaft SpaA pilin is a three Ig-like domain 
protein with a single CnaA-type domain inserted between two CnaB domains.26 A 
unique feature of Gram-positive bacterial pili is the presence of internal 
isopeptide bonds not known in other proteins and formed autocatalytically 
between the side chains of Lys and Asn residues. These covalent crosslinks are 
believed to help pili resisting shear stresses while being engaged in host-cell 
interactions.27 
Unlike the other pilins, minor pilins found at the pilus tip, like SpaC, 
possess additional domains with specialised adhesive functions.25 The two 
available structures for such minor pilins (RrgA from Streptococcus pneumoniae 
and Cpa from S. pyogenes) have revealed the presence of adhesion domains 
that bind collagen and show features that are characteristic of eukaryotic 
adhesion proteins.28,29 For instance, RrgA from S. pneumoniae is an elongated 
molecule, approximately 20 nm long, and composed of four independent 
domains.29 The four domains are associated through flexible regions, i.e. short 
linkers and hairpins, suggesting that the full-length protein, once associated to 
the RrgB backbone fiber, could display a considerable level of domain flexibility. 
This modular and flexible organization could be important for the recognition of 
different host targets during infection, while the presence of two isopeptide bonds 
in the Ig domains would guarantee stability of the individual domains.29 
In the past years, atomic force microscopy (AFM) has provided new 
insights into the specific binding forces of a variety of microbial species, including 
Escherichia coli,17 Mycobacterium tuberculosis,30-32 S. aureus,33,34 Streptococcus 
mutans,35,36 and Candida albicans.37-40 Here, we use single-molecule AFM to 
explore the adhesion and mechanics of the LGG pilus. The results show that 
SpaC pilins bind with broad specificity and fast dissociation rate, and that the 
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LGG pilus functions as a molecular zipper at low force, and as a nanospring at 
high force. Consistent with the structural properties of Gram-positive pili, these 
biophysical properties may provide a powerful mechanism to piliated Gram-
positives for strengthening adhesion and withstanding shear stresses. 
 
RESULTS AND DISCUSSION 
SpaC mediates homophilic adhesion. To address single SpaC 
interactions, purified monomers were covalently attached on AFM tips with a ~6 
nm long PEG-benzaldehyde linker, and on gold substrates modified with 10 % 
COOH groups using NHS/EDC (Figure 1a, bottom). AFM imaging in aqueous 
solution confirmed the presence of a homogeneous, ~2 nm thick SpaC 
monolayer on the substrate (Figure 1b). 
As several microbial adhesins are known to mediate cell-cell aggregation 
through homophilic recognition,31,37,39 we first asked whether SpaC is capable to 
form such specific bonds. Figure 1c,d shows the adhesion force histogram with 
representative force-distance curves, and the rupture length histogram recorded 
at a retraction speed of 1,000 nm/s between a SpaC-tip and a SpaC- substrate. A 
substantial proportion of force curves (19 %) showed single adhesion events with 
a mean adhesion force of 62 ± 17 pN (mean ± s.d.; total number of force curves = 
600 from three different tips and substrates), and a rupture length ranging mostly 
from 30 to 110 nm. As can be seen in Figure 1e, a major reduction of adhesion 
frequency was observed upon addition of free anti-SpaC antibodies (top) or when 
performing the experiment with a tip functionalized with an irrelevant protein 
(BSA, bottom). These results demonstrate the specificity of our force 
measurements, thus indicating that the ~62 pN force originates from SpaC-SpaC 
homophilic recognition. 
	  
78	  
	  
	   78	  
	  
Figure 1. Force spectroscopy of the SpaC-SpaC interaction. (a) Primary structure of 
SpaC pilin subunit (see text for details). To measure SpaC-SpaC binding forces, SpaC 
monomers were attached randomly on a gold substrate and probed using a SpaC-tip. (b) 
AFM deflection image of a SpaC-coated substrate, together with a vertical cross-section 
taken in the corresponding height image, recorded in buffer with a silicon nitride tip. A 
small area was first imaged at large forces (>10 nN) for short periods of time, followed by 
imaging a larger portion of the same area under normal load. Imaging at high forces 
resulted in pushing the grafted material aside, thereby confirming the presence of a 2.0 ± 
0.5 nm thick protein monolayer on the surface. (c, d) Adhesion force histogram together 
with representative force curves (c), and rupture length histogram (d) obtained by 
recording force curves in buffer between a SpaC-tip and a SpaC-substrate. All curves 
were obtained using a contact time of 100 ms, a maximum applied force of 250 pN, and 
approach and retraction speeds of 1,000 nm/s. The black line is a Gaussian fit to the 
data. Force peaks were well described by the worm-like-chain model (red line on top 
curve in c). The data shown correspond to 600 force curves obtained from three 
independent experiments (different tips and substrates). (e) Control experiments 
showing a dramatic reduction of adhesion frequency when force measurements were 
performed in the presence of free anti-SpaC antibodies (top, n = 600) or with a BSA-
coated tip (bottom, n = 600). (f) Plot of the SpaC-SpaC adhesion force as a function of 
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the logarithm of the loading rate applied during retraction, while keeping constant the 
approach speed (1,000 nm/s). Each data point in this plot represents the mean ± s.e.m. 
(n = 200 force curves). A similar plot was obtained in a duplicate experiment using 
different tip and substrate. 
 
Adhesion force peaks were well-described by the worm-like-chain (WLC) 
model,41-43 using a persistence length of 0.4 nm: F(x) = kbT/lp [0.25(1- x/Lc)
-2 + 
x/Lc - 0.25], where Lc and lp are the contour length and persistence length of the 
molecule, kb is the Boltzmann constant and T the absolute temperature. The 
mean rupture force (~60 pN) is larger than the unfolding forces reported for a-
helical domains (25-35 pN),43 but clearly smaller than the forces needed to unfold 
b-folds domains, such as Ig domains (150-300 pN).41 This indicates that SpaC Ig-
like domains were not unfolded, which is also supported by our measured rupture 
lengths. Indeed, assuming that each amino acid residue contributes 0.36 nm to 
the contour length of a fully-extended polypeptide chain and that SpaC is an 860-
residue protein (without signal peptide), we expect that the length of a fully 
extended pilin should be ca. 300 nm. This value, added to the length of the PEG 
spacer (~6 nm), is much longer than the measured rupture lengths. 
 Accordingly, force profiles obtained for homophilic interactions reveal that 
Ig-like domains of SpaC pilins cannot be unfolded, a finding consistent with 
structural data showing that Gram-positive bacterial pilins are mechanically 
stabilized by internal isopeptide bonds, and with earlier AFM measurements 
revealing that Spy0128 pilins from the Gram-positive bacterium S. pyogenes are 
completely inextensible.44 We suggest that the characteristic elongations of 30-
110 nm may correspond, to some extent, to the straightening of the multiple 
modules and flexible regions of two SpaC pilins engaged in trans-interactions. 
This behaviour would be consistent with the putative three dimensional structure 
of SpaC, i.e. an elongated protein made of multiple domains linked end-to-end 
through flexible regions like linkers and hairpins. As the measured SpaC-SpaC 
interactions are an average of forces between randomly immobilized proteins, it 
would be interesting in future research to investigate the interactions between 
oriented pilins. 
Figure 1f shows that the SpaC-SpaC adhesion force (F) increased linearly 
with the logarithm of the loading rate (r), as observed for other receptor-ligand 
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systems,45-47 including homophilic interactions between mycobacterial adhesins31 
and between cadherins.48 The length scale of the energy barrier, xb, was 
assessed from the slope fb (1 ± 0.2 10-11) of the F versus ln(r) plot and found to 
be 0.4 nm, i.e. in the range of values (0.2-1 nm) typically measured by single-
molecule AFM.45 Extrapolation to zero forces yielded rF=0 (2.7 ± 0.5 10-10), and in 
turn the kinetic off-rate constant of dissociation at zero force: koff = rF=0 xb / kBT = 
0.2 s-1. Such an off-rate, already reported for other adhesion proteins, such as 
cadherins48 or influenza virus spike proteins,49 means that individual pilins 
dissociate rapidly, thus that homophilic interactions are highly dynamic. This 
behaviour is in contrast with the slow dissociation (~10-4 s-1) measured between 
the Gram-negative bacterial adhesive PapG unit localized at the distal end of the 
P-pilus from E. coli and the glycolipid galabiose,19 suggesting adhesion 
mechanisms of different nature. 
We propose that SpaC-SpaC recognition plays a role in mediating 
bacterial aggregation during host colonization as wild-type (WT) LGG cells readily 
aggregate in solution (25 ± 4 cells per aggregate) while a LGG mutant strain 
impaired in pili expression shows much lower tendency to form aggregates (see 
Figure 5c). This observation agrees well with the widely accepted notion that 
Gram-positive bacterial pili are engaged not only in bacterial-host interactions, 
but also in bacterial aggregation through pili-pili bonds.50 Also, the role of trans-
protein interactions in cell-cell adhesion has been demonstrated at the single-
molecule level in various organisms. In M. tuberculosis31 and C. albicans37-40 
trans-interactions between adhesins play a key role in cell-cell aggregation. 
Adhesion of endothelial cells is mediated by trans-interactions between 
cadherins.48 Finally, the occurrence of SpaC homophilic recognition could explain 
the ability of LGG pili to form two-dimensional assemblies on solid surfaces.51 
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Figure 2. Strength and dynamics of the SpaC-mucin interaction. (a) Single SpaC-mucin 
interactions were explored by measuring the binding forces between a SpaC-tip and 
mucin randomly attached on a gold substrate. (b) AFM image and vertical cross-section 
confirming the presence of a 2.0 ± 0.4 nm thick mucin film on the surface. (c, d) 
Adhesion force histogram together with representative force curves (c), and rupture 
length histogram (d) obtained by recording force curves in buffer between a SpaC-tip 
and a mucin-substrate. All curves were obtained using a contact time of 100 ms, a 
maximum applied force of 250 pN, and approach and retraction speeds of 1,000 nm/s. 
The black line is a Gaussian fit to the data. Force peaks were well-described by the 
worm-like-chain model (red line on top curve in c). The data shown correspond to 600 
force curves obtained from three independent experiments. (e) Control experiments 
showing a dramatic reduction of adhesion frequency when force measurements were 
performed in the presence of free anti-SpaC antibodies (top, n = 600) or with a BSA-
coated tip (bottom, n = 600). (f) Plot of the SpaC-mucin adhesion force as a function of 
the logarithm of the loading rate applied during retraction, while keeping constant the 
approach speed (1,000 nm/s). Each data point in this plot represents the mean ± s.e.m. 
(n = 200 force curves). A similar plot was obtained in a duplicate experiment using 
different tip and substrate. 
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The molecular origin of the SpaC homophilic bonds is unclear. They could 
result from the presence of a stretch in the SpaC protein which is similar to the 
type A domain of the vWFA factor,13 known to be involved in the formation of 
supramolecular structures.52 As LGG pili might be glycosylated (work in progress) 
and SpaC may contribute to weak lectin-like activity by binding to heavily 
glycosylated mucus proteins,13 it is also possible that lectin-glycan interactions 
take place. Lastly, non-specific interactions like hydrophobic interactions could 
contribute as well as many bacterial pili are hydrophobic,53 and SpaC pilins are 
rich in hydrophobic residues.13 
Molecular details of the SpaC-mucin interaction. SpaC has been 
shown to bind to mucins,13,23,54 a family of high molecular weight glycoconjugates 
with a rather complex composition which represents the main extracellular 
component of the intestinal mucosal layer. Although the SpaC-mucin interaction 
must play a pivotal role in establishing tight attachment between probiotics and 
their host, its molecular details are poorly understood. We therefore measured 
the binding forces between single Spac pilins (attached on AFM tips) and mucin 
(attached on model substrates) (Figure 2a,b). Figure 2c,d shows the force data 
collected between SpaC and mucin. In 17 % of the force curves, we observed 
adhesion events, either single or multiple, that were well-described with a WLC 
model. They showed a mean adhesion force of 64 ± 20 pN (mean ± s.d.; n = 600 
from three different tips and substrates; in case of multiple adhesion peaks, only 
the last event was considered), and a rupture length in the 10-200 nm range. 
Elongation distances are similar to those of the SpaC-SpaC interaction and seem 
rather short in view of the large size of mucin, an observation that is likely to 
originate from the multisite covalent attachment of the glycoconjugates on the 
substrate. The measured forces were specific as they were essentially abolished 
by performing the same experiment in the presence of anti-SpaC antibodies or 
with a BSA-tip (Figure 2e). As expected for receptor-ligand bonds, adhesion 
forces increased linearly with the logarithm of the loading rate (Figure 2f). The 
slope (fb = 0.7 ± 0.1 10-11) and intercept (rF=0 = 2.1 ± 0.2 10-10) enabled us to 
estimate the kinetic off-rate, koff = 0.05 s-1. The slopes and intercepts (values ± 
errors) that we obtain for the SpaC-SpaC and SpaC-mucin systems suggest that 
these interactions have dissociation rates that are in the same range. The rapid 
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dissociation of pilin-mucin bonds could be important for intestinal exploration and 
colonization, enabling pili to rapidly detach and bind new receptor sites. The 
mucin-binding capacity of the SpaC adhesin, measured here for the first time at 
the single-molecule level, is likely to play a role in the adhesion of other 
lactobacilli expressing pili.55 
SpaC shows collagen-binding capacity. Several pilus-associated 
adhesins interact with extracellular matrix (ECM) proteins like fibronectin and 
collagen,56-60 including those from Lactobacillus strains.61 In LGG, SpaCBA pili, 
and not MabA,62 appear to mediate strong ECM-binding capacity.14 Therefore, 
we measured the binding forces between single SpaC pilins and collagen (Figure 
3a,b). In 15 % of the curves, we observed adhesion forces of 75 ± 28 pN (mean ± 
s.d.; n = 600 from three different tips and substrates; in case of multiple adhesion 
peaks, only the last event was considered) with rupture lengths in the 50-200 nm 
range (Figure 3c,d), the adhesion peaks being well-fitted with a WLC model. The 
extended rupture lengths may be easily explained by the filamentous structure of 
the collagen molecule. Adhesive forces were less frequent and smaller in the 
presence of anti-SpaC antibodies (Figure 3e, top), suggesting that a substantial 
fraction of the 75 pN forces were specific. Substantial binding was observed with 
the BSA-tip, indicating that BSA was interacting with collagen (Figure 3e, 
bottom). Consistent with specific bonds, SpaC-collagen forces increased linearly 
with the logarithm of the loading rate (Figure 3f). From the slope (fb = 0.8 ± 0.1 
10-11) and intercept (rF=0 = 2.4 ± 0.2 10-10) of the plot we found a koff value of 0.08 
s-1, thus in the range of the SpaC-mucin value. Again, this suggests that fast 
SpaC-collagen dissociation may help pili to rapidly detach and rebind to host 
sites. The in vivo significance of this collagen-binding capacity is not clear yet as 
ECM components are thought to be available for interaction only after disruption 
of the epithelial barrier.61 
 
	  
84	  
	  
	   84	  
	  
Figure 3. Strength and dynamics of the SpaC-collagen interaction. (a) The binding 
forces between a SpaC-tip and collagen randomly attached on a gold substrate. (b) AFM 
confirmed the presence of a 2.0 ± 0.5 nm thick collagen film on the substrate. (c, d) 
Adhesion force histogram together with representative force curves (c), and rupture 
length histogram (d) obtained by recording force curves in buffer between a SpaC-tip 
and a collagen-substrate. All curves were obtained using a contact time of 100 ms, a 
maximum applied force of 250 pN, and approach and retraction speeds of 1,000 nm/s. 
The black line is a Gaussian fit to the data. Force peaks were well-described by the 
worm-like-chain model (red line on top curve in c). The data shown correspond to 600 
force curves obtained from three independent experiments. (e) Control experiments in 
which force measurements were performed in the presence of free anti-SpaC antibodies 
(top, n = 600) or with a BSA-coated tip (bottom, n = 600). (f) Plot of the SpaC-collagen 
adhesion force as a function of the logarithm of the loading rate applied during retraction, 
while keeping constant the approach speed (1,000 nm/s). Each data point in this plot 
represents the mean ± s.e.m. (n = 200 force curves). Similar plot was obtained in a 
duplicate experiment using different tip and substrate. 
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SpaC mediates zipper-like adhesion. At first glance, our finding that 
SpaC exhibits broad specificity and fast dissociation seems surprising as 
bacterial pili are generally considered as strong adhesion structures. However, 
we must consider that, like other Gram-positive bacterial adhesins, SpaC is 
abundant and localized not only at the pilus tip, but also along its length. Indeed, 
electron microscopy analyses revealed that SpaC pilins are found randomly 
along the whole pilus, at numbers nearly equaling those of SpaA, while SpaB 
pilins are essentially found at the pilus base.23 This organization favours a zipper-
like adhesion model involving multiple SpaC distributed along the pilus shaft. 
Such zipper mechanism has been suggested for Gram-positive bacterial pili,50 
but to our knowledge never demonstrated or quantified. 
To explore whether SpaC is engaged in zipper-like adhesion, we 
measured the forces between an AFM tip bearing SpaC pilins and pili on living 
LGG bacteria (Figure 4). We first confirmed the presence of pili on the cell 
surface by imaging WT LGG bacteria with a silicon nitride tip (Figure 4a-c). 
Consistent with earlier work,51 pili could never be observed using AFM in liquid, 
indicating they were too flexible and mobile to be visualized (Figure 4a). By 
contrast, bacteria imaged in air were decorated with numerous pili displaying an 
average length of 1.0 ± 0.3 µm and average diameter of 5.0 ± 1nm (Figure 4b). At 
high resolution, some pili featured a helical structure with 20-50 nm repeats 
(Figure 4c), suggesting spring-like properties. As these structural features were 
repeatedly observed on some pili and were not dependent on the scanning 
direction, they are likely to reflect actual helical structures rather than imaging 
artifacts. 
We then recorded multiple force-distance curves between a SpaC-tip and 
a WT LGG cell in buffer (Figure 4d). Three remarkable adhesion signatures were 
detected, i.e. constant force plateaus (3 %, Figure 4e), sawtooth patterns 
composed of multiple small force peaks (36 %, Figure 4f), sometimes 
superimposed to constant force plateaus, and single large adhesion force peaks 
with linear shape and characteristic horizontal force steps (24 %, Figure 4h). The 
remaining fraction of adhesive curves showed elastic force peaks of 30-300 pN 
magnitude. 
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Figure 4. Measuring the nanomechanics of single pili on live cells. (a-c) AFM visualizes 
LGG pili in air but not in liquid: (a) deflection image of a LGG bacterium trapped in a 
porous membrane, recorded in buffer, showing a surface morphology devoid of pili; (b) 
deflection image of LGG bacteria adsorbed on mica and recorded in air, revealing 
numerous pili around the cells (arrows); (c) high-resolution image of pili showing helical 
spring-like structures (arrow). (d-f) LGG pili mediate zipper-like adhesion: (d) pulling 
single pili with a SpaC-tip leads to the sequential detachment of multiple SpaC-SpaC 
bonds; as a result, (e) a notable fraction of the curves showed constant force plateaus, 
sometimes superimposed onto one another (see ** symbol), while (f) other curves 
showed multiple force peaks forming sawtooth patterns, sometimes superimposed onto 
constant force plateaus (see * symbol). Dashed lines on the bottom curves represent 
zero force lines. (g-i) LGG pili behave as nanosprings: (g) stretching pili into extended 
conformations with a SpaC-tip; (h) a substantial fraction of force curves revealed single 
adhesion force peaks with linear, spring-like shapes and characteristic steps; red 
numbers correspond to linear segments of increasing slopes; (i) superimposition of 10 
curves showing that spring-like properties are highly reproducible, and can be quantified. 
The kp values represent the force-dependent pilus spring constants, while the Fp and Lp 
values correspond to the force and length of the constant force steps. The curves were 
obtained using a contact time of 100 ms, a maximum applied force of 250 pN, and 
approach and retraction speeds of 1,000 nm/s. Similar data were obtained using 3 
different tips and 3 different cell cultures. 
Several observations suggest that the observed force plateaus represent 
the mechanical response of a molecular zipper. First, the magnitude of the 
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plateau force was 46 ± 4 pN (mean ± s.d.; n = 30 plateaus), and occasionally 98 
± 4 pN (Figure 4e, bottom curve), suggesting each plateau force was a multiple of 
a ~50 pN unit force. Given the accuracy of our measurements, this value is not 
too different from the ~60 pN force measured for the homophilic SpaC-SpaC 
interaction on solid substrates (Figure 1), suggesting that plateau forces may 
involve the sequential rupture of multiple SpaC-SpaC bonds. The low unbinding 
forces observed for pili, compared to purified pilins, could reflect the influence of 
the complex environment of the pilus, e.g. the flexible nature of pili may lower the 
loading rate actually applied to the SpaC molecules. Second, the length of the 
force plateaus, 488 ± 168 nm, corresponds to half the length of the pili.  
	  
Figure 5. Control experiments demonstrate that zipper and spring force responses are 
specific to pili. (a, b) Representative force-distance curves recorded in buffer between a 
non-functionalized tip and a wild-type (WT) LGG bacterium (a), and between an LGG 
mutant strain impaired in pili expression and a SpaC-tip (b). Both conditions lead to the 
complete disappearance of plateau, sawtooth and linear signatures. (c) Unlike WT cells 
(top), pili-deficient mutant cells do not aggregate in solution (bottom). 
Third, force plateaus were never observed between a WT cell and a bare 
silicon nitride tip (Figure 5a), suggesting strongly they involve specific bonds 
between SpaC pilins on the tip and pili. Fourth, they were neither observed when 
probing cells from an LGG mutant strain impaired in pili expression with a SpaC-
tip (Figure 5b), indicating that these force responses are associated with pili. 
Fifth, SpaC pilins are known to be abundant along the full pilus length,23 an 
organization which strongly favours the formation of a molecular zipper (see 
cartoon in Figure 4d). Sixth, our force plateaus are reminiscent of the signatures 
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measured for the mechanical unzipping of β-sheet interactions in pathological63 
and functional39 amyloids, and for the continuous desorption of polymer chains 
adsorbed on solid substrates.64 Pulling on weakly adsorbed polymer chains yields 
constant force plateaus when bond dissociation is faster than the pulling rate.64 
As the dissociation rate of the SpaC-SpaC bond is likely to be faster than the time 
scale of our experiment, stretched pili may be viewed as strings of SpaC pilins 
continuously detaching from the SpaC-tip. In summary, our experiments reveal 
that the LGG pilus mediates zipper-like interactions involving multiple SpaC 
adhesins distributed along the pilus. The term “unzipping” refers to a specific 
pulling geometry in the single-molecule field. The so-called “zipper-mode” is 
exclusively used for disrupting multiple interactions one-by-one along the applied 
force such as when pulling dsDNA on the 3' and 5' ends.65 In contrast, in the so-
called "shear-mode", all interactions are loaded in parallel and rupture 
cooperatively, like when pulling dsDNA at both 3' ends. Due to the very complex 
and dynamic environment of pili – in terms of density, orientation, mobility, and 
lateral interactions – we cannot fully control the pulling geometry (zipper mode vs 
shear mode) in our live cell experiments. 
How about the origin of the sawtooth patterns (Figure 4f)? We believe 
these multiple force peaks also captured the sequential detachment of multiple 
SpaC as (i) they were never observed with silicon nitride tips or with pili-less 
mutant cells (Figure 5), and (ii) they featured average forces (32 ± 9 pN) and 
rupture lengths (704 ± 110 nm) that were in the range of those of the force 
plateaus (Figure 4f). Hence, each discrete peak would correspond to the 
detachment of a single SpaC bond. Such behaviour is expected when the 
number of SpaC bonds between pilus and tip is low, thus when the density of 
pilins along the tip is low. In the future, it would be interesting to confirm that the 
appearance of force plateaus vs sawtooth patterns may indeed be explained by 
different numbers of SpaC bonds formed between pilus and tip by immobilizing 
different amounts of SpaC to the tip through the use of different surface 
chemistries. Also, further experiments are needed to establish whether plateau 
and sawtooth patterns reflect some structural heterogeneity in the pili population. 
Nevertheless, these two mechanisms are likely to fulfil the same function, i.e. 
increasing the strength and lifetime of bacterial cell surface interactions. 
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The LGG pilus behaves as a nanospring. Another key finding is the presence 
of large adhesion force peaks with linear shapes and constant force steps (Figure 
4g-i), sometimes preceded with constant force plateaus (Figure 4h, bottom 
curve). Again, these profiles are attributed to the specific binding and pulling of 
LGG pili as they were never observed with silicon nitride tips or with pili-less 
mutant cells (Figure 5). As expected, linear regions could not be fitted with a 
WLC model, indicating they did not correspond to the force-induced unfolding of 
protein structures. Rather, force was directly proportional to extension, meaning 
that the stretched pili behaved as Hookean springs. Superimposition of multiple 
force profiles documented a high reproducibility (Figure 4i), thus supporting the 
notion they reflect an intrinsic mechanical property of single pili rather than some 
random, poorly-controlled processes, such as desorption of multiple pili from the 
tip. Upon increasing the applied force, up to three consecutive constant force 
steps were observed (blue arrows in Figure 4i), followed by linear segments of 
increasing slopes (red lines in Figure 4i), suggesting stiffening of the pulled 
filaments. These stepwise interactions ruptured at relatively high forces (up to 
250-300 pN), clearly stronger than that of individual SpaC-SpaC interactions. We 
therefore suggest that, in the high force regime, a few remaining SpaC 
interactions are loaded in parallel ("shear-mode"), thus allowing the tip to stretch 
the pilus up to several hundreds of pN. This model does not contradict the 
unzipping model occurring in the low force regime. 
To further quantify the mechanical behaviour of individual pili, we 
estimated their spring constant in the different loading regimes (Figure 4i). The 
experimental system corresponds to two linear springs in series, one being the 
AFM cantilever (kc), and the other the pili spring constant (kp). Using the slope (s) 
of the linear portion of the raw deflection vs piezo displacement curves and the 
following equation: kp = (kc
 
x s)/(1 - s), we found that the pilus spring constants 
estimated for the different regimes were kp1 = 4.3 ± 0.5 pN nm-1, kp2 = 3.6 ± 0.2 
pN nm-1, kp3 = 7.1 ± 0.4 pN nm-1, and kp4 = 15.1 ± 0.9 pN nm-1 . Notably, the 
characteristics of the stepwise transitions were highly reproducible, i.e. step force 
values of Fp1 = 97 ± 4 pN, Fp2 = 124 ± 11 pN, Fp3 = 252 ± 26 pN, and step length 
values of Lp1 = 39 ± 3 nm, Lp2 = 49 ± 4 nm, and Lp3 = 37 ± 1 nm. Given the high 
reproducibility of these features, we suggest they reflect an intrinsic mechanical 
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response of the pilus, i.e. force-induced structural changes within the pilus 
leading to stiffer conformations. 
Our finding that the LGG pilus functions as a spring agrees well with earlier 
structural and single-molecule data. Gram-positive bacterial pili exhibit internal 
isopeptide bonds, not found in other proteins, and believed to stabilize the pilus 
mechanical properties.27 At the single pilin level, AFM revealed that Gram-
positive bacterial pilins cannot be unfolded even by large mechanical forces, 
meaning they are completely inextensible.44 Spring-like properties of LGG pili are 
also supported by our AFM images showing that some of them have a helical 
spring-like structure (Figure 4c). We expect that the spring behaviour of the LGG 
pilus is of biological significance as it may help bacteria to withstand physiological 
shear forces while being engaged in bacterial-host and bacterial-bacterial 
interactions. 
Collectively, our results demonstrate that the LGG pilus exhibits two 
striking mechanical responses, i.e. zipper-like adhesion at low force and 
nanospring behaviour at high force. These biophysical properties largely differ 
from those of the widely investigated Gram-negative pili. As Gram-positive 
bacterial pili are formed by covalent polymerization and are stabilized by internal 
isopeptide bonds,25,27 they are ideally suited to possess zipper-like and spring-
like functions. By contrast, pili from Gram-negative bacteria are formed by non-
covalent interactions between pilin subunits,66 explaining why they readily 
elongate under force as a result of the unfolding of their helical quaternary 
structure.17-19,22 This elongation is believed to help bacteria to redistribute 
external forces to multiple pili, thereby enabling them to withstand shear forces. 
In addition, type IV pili from Gram-negative bacteria like Neisseria gonorrhoeae 
are able to exert retractile forces involved in twitching motility and host cell 
adhesion, presumably through filament disassembly into the inner membrane.67 
Cooperative retraction of bundled pili can generate forces in the nanonewton 
range that could be critical for bacterial surface interactions.68 Another feature of 
Gram-negative bacterial pili is their ability to mediate catch bonds, i.e. receptor-
ligand bonds that are strengthened by mechanical force owing to an allosteric 
switch.20,21 A prominent example is the fimbrial adhesive protein FimH from E. 
coli, which mediates weak adhesion at low flow but strong adhesion at high 
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flow.20,21 These observations suggest that pili from Gram-negative and Gram-
positive bacteria have developed very different adhesion strategies. 
 
 
CONCLUSIONS 
Understanding and controlling bacterial-host interactions in the context of 
human health (probiotics, pathogens) requires elucidation of the molecular 
mechanisms by which bacteria attach to their host. In the past years, single-
molecule techniques have provided new insights into the adhesive and 
mechanical properties of Gram-negative bacterial pili, thereby explaining how 
these structures are used to strengthen adhesion and resist mechanical stress.16-
22,67,68 By contrast, little is known about the nanomechanics of Gram-positive 
bacterial pili.	  Our single-molecule experiments demonstrate that LGG pili exhibit 
adhesive and mechanical properties that clearly differ from those observed in 
Gram-negative bacteria. Our main findings are as follows: i) at the single-
molecule level, SpaC mediates homophilic (SpaC-SpaC) and heterophilic (SpaC-
mucin, SpaC-collagen) interactions of similar adhesive strength; ii) the fast 
dissociation rate of these interactions could be important for intestinal 
colonization, enabling pili to rapidly detach and bind new receptor sites; iii) the 
LGG pilus mediates SpaC zipper-like interactions involving multiple adhesins 
distributed along the pilus (zipper-mode rupture at low force), iv) it also functions 
as a nanospring capable to withstand large mechanical loads (shear-mode 
rupture at high force), and showing stepwise transitions presumably reflecting 
structural changes.	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Figure 6. Molecular mechanism of pili-mediated adhesion. SpaC specifically binds to 
mucin and collagen, two major extracellular components of host epithelial layers, and is 
also engaged in homophilic adhesion. While the SpaC molecular zipper provides a 
powerful mechanism to strengthen bacterial-host and bacterial-bacterial adhesion, the 
spring properties of pili enable the bacteria to withstand high shear stress. 
 
We expect that the broad binding specificity, zipper-like interactions and 
spring-like properties of LGG pili may have an important functional role in 
strengthening bacterial-host and bacterial-bacterial interactions in the intestinal 
environment (Figure 6). Following initial contact, multisite attachment down the 
pilus length would pull the bacteria closer to the host cells leading to firm and 
intimate contact. Then, pilus-mediated bacterial aggregation would contribute to 
strengthen colonization and biofilm formation. During these processes, the pilus 
spring behaviour may help the bacteria to withstand physiological shear forces. 
Increasing the external force would lead to structural transitions resulting in stiffer 
pilus conformations. Altogether, these mechanical properties would explain the 
prolonged intestinal residency time observed for LGG compared to that of 
nonpiliated lactobacilli.13,23 In addition to providing new insights into the molecular 
mechanisms of pili-mediated adhesion, our experiments may be of biomedical 
interest for the design of molecules that promote (probiotics) or inhibit 
(pathogens) bacterial adhesion. 
METHODS 
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Microorganisms and cultures. LGG (ATCC 53103) wild-type and the pili-
deficient mutant CMPG535714 were grown in de Man-Rogosa-Sharpe (MRS) 
broth (Difco) up to the mid-exponential phase. Bacterial cells stored in MRS broth 
with 25% (v/v) glycerol at -80 °C were revived by streaking on MRS agar and 
allowed to grow at 37 °C for 48 h. Preculture was initiated by inoculating a single 
colony of bacteria into 10 ml MRS broth. This preculture was used to inoculate 
fresh MRS broth and the cells were kept at 37 °C for 8 h (when the culture 
reached optical density of 0.8-1.0 at 595 nm). Cells were harvested by 
centrifuging the culture at 5000 × g for 2 min. The supernatant was discarded and 
the pellet was resuspended in 10 ml TRIS buffer. For AFM analysis, the cell 
suspension was diluted by 50 % in the buffer and was filtered under pressure 
through isopore membranes (Millipore, Billerica, MA) with pore diameter 
comparable to cell size (1.2 µm).69 The membrane was rinsed in 4 baths of the 
buffer and 1 cm × 1cm pieces were cut and attached to an AFM sample puck 
using double-sided adhesive tape. 
Preparation of SpaC pilin monomers. The spaC (LGG_00404) gene, 
excluding the region encoding the N-terminal signal peptide and the C-terminal 
cell wall sorting signal, was recombinantly expressed in E. coli and then purified 
as previously described.13 
Preparation of SpaC-modified tips. AFM tips were functionalized with 
SpaC proteins in a random orientation using ~6 nm long PEG–benzaldehyde 
linkers as described by Ebner et. al.70 Cantilevers were washed in three 
successive baths of chloroform followed by rinsing with ethanol. The tips were 
dried with N2  and placed in an UV-ozone cleaner for 30 min, immersed overnight 
in an ethanolamine solution (3.3 g of ethanolamine dissolved in 6 mL of DMSO), 
then washed thrice with DMSO and twice with ethanol, and dried with N2. The 
ethanolamine-coated cantilevers were immersed for 2 h in a solution prepared by 
mixing 1 mg of acetal-PEG-NHS dissolved in 0.5 mL of chloroform with 10 µL f 
triethylamine, then washed with chloroform, and dried with N2. Cantilevers were 
then immersed in a 1% citric acid solution for 10 min, washed in Milli-Q water, 
and then covered with a 200 µL droplet of a TRIS (pH 7.4) solution containing the 
protein (0.1 mg/mL) to which 2 µL of a 1 M NaCNBH3 solution was added. After 
50 min, cantilevers were incubated with 5 µL of a 1 M ethanolamine solution in 
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order to passivate unreacted aldehyde groups and then washed with and stored 
in buffer. For storage beyond 24 h, the tips were kept in TRIS containing sodium 
nitride to prevent oxidation damage to the protein. For control experiments, tips 
functionalized with BSA were prepared using the same procedure. 
Preparation of SpaC-, mucin- and collagen-modified surfaces. SpaC-, 
mucin- and collagen were covalently immobilized, in a random orientation, onto 
self-assembled monolayers (SAMs) of carboxyl-terminated alkanethiols. Silicon 
wafers (Siltronix, France) were coated, by thermal evaporation, with a 5-nm-thick 
Cr layer followed by a 30-nm-thick Au layer, yielding gold surfaces with ~1 nm 
roughness. Gold surfaces were immersed overnight in ethanol solutions 
containing 1 mM of HS(CH2)15COOH (16-Mercaptohexadecanoic acid) and 
HS(CH2)11OH (11-Mercapto-1-undecanol) (0.1:0.9) (Sigma) and then rinsed with 
ethanol. Sonication was briefly applied to remove alkanethiol aggregates that 
may have been adsorbed. The SAMs were immersed for 30 minutes in a solution 
containing 20 mg/ml N-hydroxysuccinimide (NHS) (Sigma) and 50 mg/ml 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC) (Sigma) and rinsed with water. 
The activated surfaces were then incubated with 0.1 mg/ml SpaC protein, 10 
mg/ml mucin (mucin from porcine stomach, type II, Sigma) or 25 mg/ml collagen 
(type I from calf skin, Sigma) in TRIS for either 2 hours (SpaC, mucin) or 1 hour 
(collagen), followed by rinsing and storage in TRIS. All surfaces were freshly 
prepared and used the same day. 
AFM measurements. AFM measurements were performed at room 
temperature (20 °C) in TRIS buffer (pH 7.4) using a Nanoscope V Multimode 
AFM from Bruker Corporation (Santa Barbara, CA) and microfabricated Si3N4 
cantilevers with a nominal spring constant of 0.01 N/m (MSCT from Bruker 
Corporation). Unless stated otherwise, all force curves were obtained using a 
contact time of ~100 ms, a maximum applied force of 250 pN, and approach and 
retraction speeds of 1,000 nm/s. For experiments on purified proteins with 
increasing force loads, the retraction speed was varied between 100 nm.s-1 and 
5000 nm.s-1. To account for the flexibility of the biomolecules, loading rates (pN s-
1) were estimated by multiplying the tip retraction velocity (nm s-1) by the slope of 
the rupture peaks (pN nm-1). Antibody blocking experiments were performed by 
addition of a ~0,1 mg/mL solution of a previously produced SpaC antiserum.13 
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For live cell experiments, the sample was first scanned with a silicon nitride tip to 
localize a single LGG cell. Then, the tip was changed with a functionalized tip in 
order to record force maps on 500 nm × 500 nm areas over the cell surface (for 
details see ref.69). The spring constants of the cantilevers were measured using 
the thermal noise method. 
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ABSTRACT 
Although bacterial pili are known to mediate cell adhesion to a variety of 
substrates, the molecular interactions behind this process are poorly understood. 
We report the direct measurement of the forces guiding pili-mediated adhesion, 
focusing on the medically-important probiotic bacterium Lactobacillus rhamnosus 
GG (LGG). Using non-invasive single-cell force spectroscopy (SCFS), we 
quantify the adhesion forces between individual bacteria and biotic (mucin, 
intestinal cells) or abiotic (hydrophobic monolayers) surfaces. On hydrophobic 
surfaces, bacterial pili strengthen adhesion through remarkable nanospring 
properties, which − presumably − enable the bacteria to resist high shear forces 
in physiological conditions. On mucin, nanosprings are more frequent and 
adhesion forces larger, reflecting the influence of specific pili-mucin bonds. 
Interestingly, these mechanical responses are no longer observed on human 
intestinal Caco-2 cells. Rather, force curves exhibit constant force plateaus with 
extended ruptures reflecting the extraction of membrane nanotethers. These 
single-cell analyses provide novel insights into the molecular mechanisms by 
which piliated bacteria colonize surfaces (nanosprings, nanotethers), and offer 
exciting avenues in nanomedicine for understanding and controlling the adhesion 
of microbial cells (probiotics, pathogens). 
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INTRODUCTION 
Pili are long and flexible proteinaceous filaments that project outwards 
from bacterial cell walls. These cell surface appendages have been identified and 
characterized in many species of both Gram-negative and Gram-positive 
bacteria.1-4 Two extensively studied examples of Gram-negative pili are Type 1 
and Type IV pili.5, 6 Recently, pili have been found in Gram-positive pathogenic 
species such as Corynebacterium diphtheria and Streptococcus pyogenes, S. 
agalactiae and S. pneumoniae.1 Even though pili from Gram-negative and Gram-
positive bacteria show overlap in their functional properties, they differ drastically 
in the mode of attachment of the subunits to each other and to the cell wall. 
Gram-positive pili are covalent polymers in which the attachment of the subunits 
(pilins) to each other and to the cell wall is made through sortase-catalysed 
covalent bonding.7 The pili in Gram-positive bacteria consist of a major subunit 
that serves as a backbone and is decorated by one or two accessory subunits. 
With regards to functional roles, pili are extremely versatile and have been shown 
to participate in functions that determine the survival, spread and success of 
bacteria in the natural world. Notably, pili display bacterial adhesins that facilitate 
binding to other bacteria, host tissue and abiotic substrates, thereby leading to 
host colonization and biofilm formation.8-11 They have therefore garnered much 
attention as determinants of pathogenicity for many bacterial species.1 
Recently, pili were discovered in the probiotic Gram-positive bacterium 
Lactobacillus rhamnosus GG (LGG) through comparative genomic analysis.12 
Subsequent nano-imaging of the strain revealed pili that are 1-2 µm in length and 
4-6 nm in diameter.13 LGG pili are made up of a major pilin SpaA and accessory 
pilins SpaC and SpaB. Like other major pilins, SpaA forms the backbone of the 
filament. SpaC is found at the tip and along the length while SpaB is present 
along the length and at the base of the fiber.12, 14 SpaCBA pili of LGG have been 
shown to possess the ability to bind human mucus and exert immunomodulatory 
effects on the host.12, 15 These effects are attributed to the minor pilin SpaC that is 
identified as the pilus adhesin for LGG. While the structural and molecular biology 
of LGG pili have been widely studied, their adhesive properties remain poorly 
understood. Here, we use atomic force microscopy (AFM) to unravel the forces 
driving the adhesion of single LGG bacteria to hydrophobic surfaces, mucin 
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monolayers and human intestinal cells. The results show that adhesion to solid 
substrates (hydrophobic monolayers, mucin) is primarily mediated by the unique 
nanospring properties of the pili, whereas adhesion to intestinal cells is 
dominated by the formation and extraction of lipid nanotethers from the cell 
membrane. Together, these remarkable adhesive and mechanical properties 
provide a molecular basis for the ability of LGG to colonize the human intestine. 
 
RESULTS AND DISCUSSION 
 LGG pili mediate adhesion to hydrophobic surfaces. As bacterial pili 
are known to mediate hydrophobic attachment to surfaces,16-18 we first asked 
whether these appendages are involved in mediating LGG adhesion to 
hydrophobic surfaces. We used a non-invasive single-cell force spectroscopy 
(SCFS) method19,20 − based on colloidal probe cantilevers and a bioinspired 
polydopamine adhesive − to study the interaction of single bacteria with solid 
surfaces (Fig. 1a). Individual wild-type (WT) cells were attached to AFM 
cantilevers without altering their viability (Fig. 1a, inset). Figure 1b shows typical 
force-distance curves obtained for the interaction between a single LGG cell and 
a methyl-terminated monolayer, while Figures 1c and d are histograms of 
maximum adhesion forces and rupture distances obtained for three different 
cells. For most cells (cell 1 and 2 in Figs. 1c and d), all curves exhibited adhesion 
forces in the range of 250 to 1000 pN (Fig. 1c) with multiple, sequential peaks 
and final rupture lengths between 200 and 2000 nm (Fig. 1d). The magnitude of 
adhesion forces and rupture lengths remained within the same range during 
acquisition of multiple curves (n >100), indicating that cell surface characteristics 
were not altered during the measurements. Occasionally, weaker adhesion and 
shorter ruptures were observed in some cells (cell 3), demonstrating 
heterogeneities of the cell population. Notably, a substantial fraction of the force 
curves (20 % for cell 1, 33 % for cell 2, and 15 % for cell 3), showed large 
adhesion force peaks with linear shapes and constant force steps (Fig. 1b, 
arrows). In the absence of bacteria, polydopamine-coated beads do not yield 
large adhesion and nanospring profiles,19 indicating that these are due to the 
presence of pili. Consistent with our earlier single-molecule measurements,20 
these signatures can be attributed to the mechanical stretching of individual pili. 
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Upon pulling, force is directly proportional to extension, meaning the stretched pili 
behave as Hookean springs. This stiff behaviour agrees well with the presence of 
isopeptide bonds in the Ig domains of pilins from Gram-positive bacteria,21 which 
are believed to guarantee stability of the individual domains and to help pili 
resisting shear stresses.	  
	  
Fig. 1 Bacterial adhesion to hydrophobic surfaces is mediated by surface pili. (a) 
Schematic of a single WT LGG bacterium attached to a colloidal probe cantilever, and 
interacting with a hydrophobic, methyl-terminated surface. Inset optical image shows a 
live bacterial cell (green) properly positioned on the polydopamine-coated colloidal 
probe. (b) Typical retraction force curves obtained from the interaction between LGG 
cells and hydrophobic surfaces in acetate buffer. Arrows indicate nanospring events, i.e. 
adhesion peaks with linear shape and constant force steps. (c and d) Histograms of 
maximum adhesion force (c) and rupture lengths (d) for 3 different cells from 
independent cultures (cell 1, n = 713 force curves; cell 2, n = 1129; cell 3, n =1460). 
Results are representative of a total of 9 different bacterial cells. 
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To confirm whether the observed force signatures are indeed associated 
with pili, we also studied the adhesion of an LGG mutant impaired in pili 
expression (Fig. 2a).  
	  
Fig. 2 Non-piliated bacteria show weak adhesion to hydrophobic surfaces and lack 
nanospring properties. (a) The forces between single pili-deficient LGG bacteria and 
methyl-terminated surfaces were measured. (b) Typical retraction force curves obtained 
for the interaction between pili-deficient bacterial cells and hydrophobic surfaces in 
acetate buffer. (c and d) Histograms of maximum adhesion force (c; insets: enlarged 
views) and rupture lengths (d) for 3 different cells from independent cultures (cell 1, n = 
538 force curves; cell 2, n = 419; cell 3, n = 706). Results are representative of a total of 
6 different cells. 
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Clearly shown in Fig. 2b is the disappearance of the large force peaks 
reminiscent of the nanospring behaviour observed in Fig. 1b. Instead, force 
curves exhibited multiple and well-defined adhesion events of smaller magnitude 
(~50-150 pN) and much shorter rupture lengths (250-1250 nm) (Figs. 2c and d). 
Interestingly, the observed force profiles resemble those obtained from stretching 
single polysaccharide chains on LGG cells.22 Using a lectin-functionalized AFM 
tip, Francius et al. indeed obtained multiple force peaks of ~50 pN magnitude and 
up to 1000 nm length when pulling on LGG galactose-rich polysaccharides. 
These data support the notion that besides pili, polysaccharides also play a role 
in mediating attachment to surfaces.23, 24  
Nanospring properties of LGG pili strengthen adhesion to mucin. 
Mucins are high molecular weight glycoconjugates, which represent the main 
extracellular component of the intestinal mucosal layer.25 As SpaC pilins have 
been shown to specifically bind mucin,12, 14, 20, 26 we measured the binding forces 
between WT LGG bacteria and mucin covalently bound to a gold-coated 
substrate (Fig. 3a). Fig. 3b shows typical force-distance curves obtained from 
LGG-mucin interaction. Though the general features of the force curves exhibited 
clear resemblance to those observed for hydrophobic surfaces (Fig. 1b), both the 
frequency (65 %, 77 % and 37 % for cells 1, 2 and 3, respectively) and the 
maximum adhesion (1000 – 2500 pN) of the nanospring events dramatically 
increased (Figs. 3c and d). Frequently, multiple nanospring events were seen in 
the same single curves. The slightly different behavior exhibited by some cells 
(cell 3), compared to the other cells investigated (cells 1 and 2), again points to 
heterogeneities within cell populations. We also noted that extended rupture 
lengths were more frequently observed in the LGG-mucin interaction (Fig. 3d), a 
finding attributed to the large extensions of mucin polymers.27 Taken together, we 
suggest that the frequently observed nanospring behaviors, as well as increased 
adhesion, reflect the occurrence of strong pili-mucin interactions via multiple 
specific SpaC-mucin bonds. Such mechanical properties were never observed on 
pili-deficient mutants (Fig. 4), corroborating our interpretation that the nanospring 
behavior do originate from pili-mediated adhesion.	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Fig. 3 Nanospring properties of bacterial pili strengthen adhesion to mucin. (a) 
Schematic of a single WT LGG bacterium interacting with a mucin-coated surface. b) 
Typical retraction force curves obtained from the interaction between LGG cells and 
mucin in acetate buffer. Arrows indicate pronounced nanospring events. (c and d) 
Histograms of maximum adhesion force (c) and rupture lengths (d) for 3 different 
bacterial cells from independent cultures (cell 1, n = 662 force curves; cell 2, n = 545; cell 
3, n = 200). Results are representative of a total of 6 different bacterial cells. 
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Fig. 4 Non-piliated bacteria do not display nanospring behaviour on mucin. (a) The 
forces between single pili-deficient LGG bacteria and mucin-coated surfaces were 
measured. (b) Representative retraction curves obtained between pili-deficient LGG cells 
and mucin in acetate buffer. (c and d) Histograms of maximum adhesion force (c) and 
rupture lengths (d) for 3 different cells from independent cultures (cell 1, n = 670 force 
curves; cell 2, n = 553; cell 3, n = 180). 
 
To further understand the nanospring behaviour of LGG pili, force-curves 
were analyzed in detail. Superposition of force profiles from 10 different retraction 
curves showed high reproducibility (Fig. 5a), suggesting that nanospring events 
reflect an intrinsic physical response of single pili rather than other poorly 
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controlled processes such as pili desorption. Upon increasing the applied force, 
up to three consecutive constant force steps, separated by linear force segments 
were observed (Fig. 5b).  
	  
Fig. 5 Stepwise transitions reflect force-induced structural changes within 
individual pili. (a) Superposition of 10 curves obtained for the LGG-mucin interaction, 
showing that spring-like properties are reproducible. (b) Quantifying nanospring 
parameters: labels indicate the three force steps (Fp1, Fp2, Fp3) and the corresponding 
linear segments (red, blue, green) used to calculate the pilus spring constants (kp1, kp2, 
kp3). (c and d) Histograms of the force steps (c) and of the pilus spring constant (d) 
obtained for the pilus-mucin interaction (n = 80 curves); colors are used to distinguish the 
three force regimes shown in (b). 
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Fig. 5c are histograms of the first (red), second (blue) and third (green) 
force transitions fitted to a Gaussian distribution yielding step force values of Fp1 = 
137 ± 14 pN, Fp2 = 211 ± 23 pN, and Fp3 = 342 ± 19 pN, respectively (n = 80 
curves, with some having multiple nanosprings in the same curve). We then 
determined the spring constants of these linear segments by considering the 
experimental system as two linear springs in series, one being the AFM 
cantilever (kc), and the other the pili spring constant (kp). Using the slope (s) of 
the linear portion of the raw deflection vs piezo displacement curves (red, blue 
and green lines) and the equation, kp = (kc
 
x s)/(1 - s),28, 29 the calculated values 
for the pilus spring constants for the different regimes were kp1 = 4.3 ± 1.6 pN nm-
1, kp2 = 4.5 ± 1.3 pN nm-1, and kp3 = 8.4 ± 2.3 pN nm-1 (Fig. 5d). These step force 
and spring constant values, very close to those measured by single-molecule 
AFM,20 strongly suggest that stepwise transitions reflect force-induced structural 
changes within individual pili, i.e. individual pili become stiffer when subjected to 
external force. 
Our finding that larger forces are observed on mucin, compared to 
hydrophobic surfaces, suggest that more adhesion molecules, most likely SpaC 
adhesins, are loaded in parallel, thus allowing pili to be stretched up to very high 
forces. As the mean adhesion force of single SpaC-mucin bonds is ~60 pN, the 
measured ~2000 pN for the whole LGG cell would correspond to approximately 
35 bonds, which is only possible if multiple SpaC subunits present along the 
length of the pilus fibre are bound to multiple domains of their target 
glycoproteins, thus if binding is not mediated solely by a lone SpaC occupying the 
tip of the pilus. Multiple SpaC-mucin interactions could in turn increase the avidity 
of the bonds. In summary, our results show that LGG pili mediate firm adhesion 
to hydrophobic and mucin surfaces via nanospring properties, and that mucin 
yields much stronger spring behaviours owing to the formation of multiple specific 
bonds. In nature, this behavior would enable bacteria to withstand high 
mechanical forces while being engaged in host interactions. 
Adhesion to intestinal cells involves the formation of membrane 
nanotethers. Because LGG readily attaches to host epithelial cells,15 we next 
investigated the binding forces between single bacteria and differentiated human 
colon carcinoma-derived epithelial cells (Caco-2 line).  
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Fig. 6 Adhesion of LGG bacteria to human intestinal cells involves the formation of 
membrane nanotethers. (a, b) Correlated DIC-fluorescence (a) and AFM deflection (b) 
images of Caco-2 cells recorded in buffer after CFSE staining and glutaraldehyde 
fixation. (c) High-resolution image of the edge of a cell documenting a flat membrane 
with a smooth surface. (d) Schematic of a single WT LGG bacterium interacting with a 
Caco-2 cell membrane. (e) Typical retraction force curves obtained from the interaction 
between LGG and Caco-2 cells in acetate buffer. Arrows indicate force plateaus 
reflecting the extraction of membrane tethers. Shown in the inset is a typical force curve 
obtained with a polydopamine probe devoid of bacteria (f and g) Histograms of maximum 
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adhesion force (f) and rupture lengths (g) for 3 different bacterial cells from independent 
cultures (cell 1, n = 303 force curves; cell 2, n = 419; cell 3, n = 700). Results are 
representative of a total of 5 different bacterial cells. 
 
Figures 6a and b show correlated fluorescence-AFM images recorded in 
buffer for Caco-2 cells stained in green with carboxy-fluorescein succimidyl ester 
(CFSE). The images clearly show the central round nuclei surrounded by the 
flattened membranes and the underlying cytoskeleton structures. Figure 6c is a 
representative high-resolution AFM view of a cell membrane documenting a 
smooth surface, without any evidence for macromolecular features such as 
mucin polymers. Force curves were recorded between single WT LGG bacteria 
and a confluent layer of Caco-2 cells (Figs. 6d and e). Most curves showed broad 
and large initial adhesion peaks followed by constant force plateaus rupturing at 
distances up to 10 µm. For the cells shown, the occurrence of plateaus was 18%, 
23% and 37% for cell 1 (n = 303), cell 2 (n = 419) and cell 3 (n = 175), 
respectively. These plateau signatures indicate that stressed host receptors 
detached from the cytoskeleton, leading to the extraction of membrane 
nanotethers or nanotubes.30, 31 The histograms of adhesion force (Fig. 6f) and 
rupture length (Fig. 6g) for three cells all showed maximum adhesion forces lower 
in magnitude (~100-800 pN) than what was generally observed with mucin (1000-
2000 pN), but extended rupture lengths mostly coming from force plateaus. The 
mean tether force, i.e. force step before rupture, was highly reproducible, 54 ± 2 
pN (n = 898 curves), and found to be very close to values reported for lipid 
tethers at similar loading rate.32, 33 Similar results were obtained for the pili-
lacking mutant, in terms of force profiles, maximum adhesion force, rupture 
lengths and frequency of plateaus (Fig. 7), demonstrating that plateau signatures 
are associated with host cell membranes rather than with the LGG surface. 
Further supporting this view, these features were never seen with polydopamine-
coated probes (Fig. 6e, inset). 
Finally, a pertinent question is why nanospring behaviors were never seen 
for the WT LGG interaction? A first explanation is that Caco-2 cells, although they 
are frequently used as model intestinal cells, do not produce mucin in classical 
culture conditions.34 Another possibility is that our measured forces are 
influenced by the presence of microvilli, i.e. cell surface appendages that are 
found on differentiated Caco-2 cells.35  
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Fig. 7 Adhesion of non-piliated bacteria to human intestinal cells also involves 
membrane nanotethers. (a) The forces between single LGG bacteria devoid of pili and 
Caco-2 cells were measured. (b) Representative force retraction curves obtained 
between pili-deficient LGG cells and Caco-2 cells in acetate buffer. (c and d) Histograms 
of maximum adhesion force (c) and rupture lengths (d) for 3 different bacterial cells from 
independent cultures (cell 1, n = 625 force curves; cell 2, n = 575; cell 3, n = 122). 
Results are representative of a total of 5 different bacterial cells. 
 
Finally, because tether forces are so small (~60 pN), we expect that 
bacterial-host contacts will always rupture before having a chance to fully extend 
the pili to larger forces (~2000 pN). All these observations indicate that LGG-
Caco-2 interactions leads to the formation of membrane nanotethers, and that, 
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unlike nanospring behaviours observed on solid surfaces (hydrophobic, mucin), 
tether formation results from LGG binding but does not depend on the presence 
of pili. 
CONCLUSIONS 
We have applied a non-invasive single-cell technique to measure the 
forces driving pili-mediated adhesion of the medically-important bacterium LGG. 
Our main finding is that adhesion forces strongly depend on the nature of the 
target substrate (solid surfaces vs host cells), and involve two different 
mechanical responses. These differences can be further visualized by calculating 
the work of adhesion (or detachment) from the area under the retraction curves 
(Fig. 8).36  
	  
Fig. 8 Work of adhesion demonstrates that LGG adhesion dramatically depends on 
the nature of the interacting surface and on the presence of pili. (a-c) Histograms of 
the work of adhesion calculated from the area under the retraction curves for the 
interaction of WT (dark color) or pili-deficient (light color) LGG bacteria with (a) 
hydrophobic surfaces (n = 3280 and 1645 for WT and pili-deficient bacteria, 
respectively), (b) mucin (n = 1400 for WT and pili-less bacteria) and (c) Caco-2 cells (n = 
831 and 1820 for WT and pili-deficient bacteria). 
 
Interactions on both hydrophobic and mucin surfaces are chiefly governed 
by the nanospring behaviour of pili, believed to enable bacteria to withstand high 
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mechanical forces in their natural environment. That pili become stiffer under 
applied load strongly suggests that external forces induce structural changes 
within individual pili. We propose that the functional role of the nanospring 
responses unravelled here could be complementary to the role of catch bonds, 
i.e. molecular bonds that are strengthened by mechanical force owing to an 
allosteric switch.37 In the fimbrial adhesin FimH, catch bonds have been shown to 
mediate weak adhesion at low flow but strong adhesion at high flow.37, 38 On 
epithelial Caco-2 cells, however, the interaction of LGG is primarily dominated by 
formation of membrane tethers, similar to those reported earlier for other 
mammalian cells.39 As the lifetime of the bond is given by the tether length 
divided by the retraction velocity, the formation of membrane tethers between the 
probiotics and host cells is expected to substantially increase the lifetime of the 
interaction, thus favoring host colonization. Because in the natural environment 
host cells are largely covered with mucus, we expect that both nanosprings and 
nanotethers will contribute to bacterial-host adhesion. 
 
METHODS 
Bacterial strains and cultures. LGG (ATCC 53103) wild-type and the pili-
deficient mutant (CMPG5357) were grown in de Man-Rogosa-Sharpe (MRS) 
broth (Difco) up to the mid-exponential phase.15 Bacterial cells stored in MRS 
broth with 25% (v/v) glycerol at -80 °C were streaked on MRS agar and allowed 
to grow at 37 °C for 48 h. Preculture was initiated by inoculating a single colony 
of bacteria into 10 mL MRS broth. This preculture was then used to inoculate in 
fresh MRS broth, and the cells were allowed to grow overnight at 37 °C. To 
obtain a working concentration of cells, the original suspension was diluted in 
acetate buffer to obtain an optical density of 0.01 at 595 nm. Before incubation on 
the glass-bottomed Petri dishes, the cell suspension was gently vortexed to 
release cells from aggregates that form in standing cultures. 
Caco-2 cell cultures. Caco-2 cells (clone C2E) were obtained from Dr. 
Maria Rescigno (Milano, Italy), cultivated at 37°C under 10% CO2 in complete 
DMEM (cDMEM): Dulbeco's modified Eagle's medium containing 4.5 g/L glucose 
(DMEM, Lonza), and supplemented with 10% (v/v) fetal bovine serum (FBS heat 
inactivated, Thermoscientific), 1% (v/v) nonessential amino acids (Lonza) and 1% 
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(v/v) L-glutamine (200 mM in 0.85% NaCl solution; Lonza). Cells initially cultured 
in a culture flask (Corning, Escolab) were rinsed in PBS, detached by immersion 
in trypsin (170000 units/mL, Lonza)–EDTA (200 mg/L, Versene) for 10 min at 
37°C and harvested by centrifugation. Cells were then transferred into glass-
bottomed Petri dishes at 106/3 mL (Willco Wells, The Netherlands) containing 
DMEM supplemented as above and containing penicillin (10000 units/mL 
)/streptomycin (10000 units/mL), and incubated at 37°C under 10% CO2 
saturated atmosphere for 20 days with medium changes every day. 
Cell probe preparation. For single-bacterial cell force spectroscopy, cell 
probes were prepared using a recently developed protocol that combines 
colloidal probe cantilevers and bioinspired polydopamine glue.19 Using a 
Nanoscope VIII Multimode AFM (Bruker Corporation, Santa Barbara, CA), 
triangular shaped tipless cantilevers (NPO10, Microlevers, Veeco Metrology 
Group) were brought into contact with a thin (~2  µL spread onto a 12-mm 
diameter glass cover slip) layer of UV-curable glue (NOA 63, Norland Edmund 
Optics), and subsequently onto a silica microsphere (~6.1-mm diameter, Bangs 
Laboratories). After 1-3 min of contact, the colloidal probe was cured for 10 min 
under a UV-lamp. The cantilever was then immersed for 1 h in a 10 mM Tris 
buffer (pH 8.5) containing 4 mg/mL of dopamine hydrochloride (99%, Sigma-
Aldrich, Belgium), rinsed and gently dried with N2 gas. To attach a single 
bacterium onto the colloidal probe, 50 µL of the bacterial suspension (~107 
cells/mL) was incubated on a glass-bottomed Petri dish containing hydrophobic 
or mucin surfaces. To this, 2 µL of a 1:1 Syto 9 (green fluorescent nucleic acid 
stain)/Propidium iodide [red-fluorescent nuclear and chromosome counterstain, 
Live-dead Baclight viability kit (Invitrogen, kit L7012)] mixture at 1.5 mM were 
added to confirm the viability of the bacteria. For pili-deficient mutants, the 
bacterial suspension was pre-incubated with 10 mM CaCl2 to promote adhesion 
to the Petri dish. The entire Petri dish containing the bacterial suspension and the 
surface of interest was then flooded with acetate buffer (pH 7.4). Before attaching 
a bacterium, the spring constant of the cell probe, which was typically in the 
range of 40-80 pN/nm, was determined using the thermal noise method.40 The 
colloidal probe was then mounted into the AFM and brought into contact with an 
isolated bacterium. Proper attachment and positioning of single bacterium on the 
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colloidal probe was achieved using a Bioscope Catalyst (Bruker Corporation, 
Santa Barbara, CA) equipped with a Zeiss Axio Observer Z1 and a Hamamatsu 
camera C10600. After confirming proper attachment of the bacterial cell by 
fluorescence imaging, the bacterial cell probe was positioned over the surface of 
interest without dewetting. 
Preparation of hydrophobic and mucin substrates. To prepare 
hydrophobic surfaces, glass coverslips pre-coated with a thin gold layer were 
immersed overnight in a 1 mM solution of 1-dodecanethiol (Sigma-Aldrich, 
Belgium), rinsed with ethanol and dried under N2 gas. For mucin surfaces, gold 
surfaces were first immersed overnight in ethanol solutions containing 1 mM of 
16-mercaptohexadecanoic acid (Sigma-Aldrich, Belgium) and 11-mercapto-1-
undecanol (Sigma) in a 0.1:0.9 ratio rinsed with ethanol and dried. Sonication 
was briefly (~30-45 s) applied to remove loosely bound alkanethiol aggregates. 
The resulting monolayers were then immersed for 30 minutes in a solution 
containing 20 mg/mL N-hydroxysuccinimide (NHS) (Sigma-Aldrich, Belgium) and 
50 mg/mL 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) (Sigma-Aldrich, 
Belgium) and subsequently rinsed with water. The activated surfaces were then 
incubated with 10 mg/mL of mucin (porcine stomach, type II; Sigma-Aldrich, 
Belgium) in PBS for 2 hours, followed by rinsing with the same buffer. All 
surfaces were freshly prepared and used the same day. 
AFM measurements. AFM measurements were performed at room 
temperature (20 °C) in acetate buffer at pH 7.4 using a Bioscope Catalyst AFM 
(Bruker AXS Corporation, Santa Barbara, CA). Using the inverted optical 
microscope, the bacterial probe was engaged onto the surface of interest (i.e. 
hydrophobic monolayer, mucin, Caco-2 cells). Force curves were recorded on at 
least three different spots.  For hydrophobic and mucin surfaces, 250 pN of 
contact force, ~100 ms delay and 1000 nm/s tip velocity (approach and 
retraction) were used. On Caco-2 surfaces, 500 pN of contact force, 3s delay and 
10 µm/s tip velocity were applied. For each condition, 3 to 9 bacterial cells from 
independent cultures were probed. The same procedure was applied to an LGG 
mutant impaired in pili expression (i.e. strain CMPG5357). For correlated 
fluorescence-AFM imaging, Caco-2 cells first were stained for 30 min with 10 µM 
of carboxy-fluorescein succimidyl ester (CFSE green, excitation 492 nm/ 
emission 517 nm, Molecular Probes) and then fixed by addition of 0.5% of 
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glutaraldehyde (Sigma) directly in the medium for 1 h. Before imaging, the 
medium was changed with PBS buffer. AFM images were then acquired in peak 
force tapping mode using ScanAsyst-Air (0.4-0.8 N/m) cantilevers.  
Batch analysis of the force curves. A custom, batch analysis toolset 
was developed to perform data extraction, calculation and reporting, and 
implemented in IGOR Pro 6 (Wavemetrics, Portland, OR). For each force curve, 
the maximum adhesion forces and rupture lengths were extracted or calculated. 
For those curves exhibiting plateau profiles, a plateau step-calculating algorithm 
was developed by searching for the sections of each force curve with relatively 
abrupt drops in force that signify a rupture event or tether formation as in the 
case of interaction with Caco2-cells. From this set of force ruptures or force 
steps, the force magnitude of the final plateau/tether force (relative to the 
corrected baseline) as well as the corresponding plateau lengths were calculated 
and reported as histograms. 
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5. Discussion, conclusions and general perspectives 
Knowledge of the mechanisms by which bacterial pili adhere to host cells 
and withstand external forces is critical to our understanding of their functional 
roles, and offers exciting avenues in biomedicine for controlling the adhesion of 
bacterial pathogens and probiotics. This thesis provides novel insights into the 
nanoscale properties (organization, assembly, adhesion and mechanics) of pili 
from the model probiotic organism LGG. In view of their beneficial health effects, 
probiotics are currently the focus of very intense academic, medical and 
commercial activity. Yet, the molecular mechanisms by which they interact with 
their host remain elusive owing to a lack of appropriate probing techniques. We 
have shown that AFM is a powerful tool to image the nanoscale structure, 
organization and assembly of LGG pili (Chapter 2). In addition, we used AFM as 
a quantitative single-molecular toolbox (SMFS) to measure the binding forces of 
single SpaC, the key adhesion protein of the LGG pilus (SpaC-SpaC, SpaC-
mucin, and SpaC-collagen interactions), and to quantify the elasticity of single pili 
(Chapter 3). We also used SCFS to probe the forces guiding the adhesion of 
whole LGG bacteria to hydrophobic surfaces, mucin and epithelial cells (Chapter 
4). The remarkable adhesive and mechanical properties unravelled here may 
represent a generic mechanism among Gram-positive bacterial pili for 
strengthening adhesion and withstanding shear stresses in the natural 
environment. From an applied perspective, our single-molecule and single-cell 
experiments may help us to design molecules that have the ability to promote or 
inhibit bacterial-host interactions. 
5.1. Methodological improvements 
On the methodological side, this thesis provides a detailed protocol for the 
isolation and imaging of pili from LGG cells (Chapter 2). The method is inspired 
from the technique developed by Touhami et. al. for isolation of pili from the 
Gram-negative bacterium P. aeruginosa 215. The idea is to perform a two-step 
centrifugation procedure to detach pili from cells and separate them from other 
cellular debris. Cells are centrifuged once at 8000 × g for 30 min, and 
resuspended in acetate buffer. The supernatant of the centrifuged cells is then 
subjected to a second, high-speed centrifugation at 20000 × g for 60 min, 
followed by resuspension in acetate buffer. This second centrifugation produces 
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pili that are almost free from other cellular debris and assembled together as 
nanoscale bundles (Figure 1a). 
As for single-cell analyses, while various SCFS protocols are well-
established for animal cells, application of the method to individual bacterial cells 
remains very challenging, mainly owing to the lack of appropriate methods for the 
controlled attachment of single live cells on cantilevers. We used a novel, non-
destructive method for the SCFS analysis of single intact LGG cells (Chapter 4). 
The approach, inspired by the protocol developed by Beaussart et. al. (2013) 
combines the use of colloidal probe cantilevers and of a bioinspired 
polydopamine wet adhesive (Figure 1b) 277. Unlike other existing protocols, our 
methodology is simple, versatile, non-destructive (even after 1 hr 
measurements), and affords much better control of the cell positioning, and thus 
of the cell-substrate contact area. These assets guarantee true and reliable 
single-bacterial cell analysis. 
 
Figure 1. Improving the AFM methodology. (a) Isolation and imaging of individual pili. 
(b) Quantification of single bacterial cell adhesion forces using non-invasive SCFS: 
Force probing a surface with a single LGG cell immobilized onto a microsphere-bearing 
AFM tip (left), Fluoresence imaging to confirm accurate positioning of bacterium and that 
it is alive (right). (Reprinted from Chapter 2 and Chapter 4) 
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5.2. Structure and assembly of LGG pili 
AFM imaging of bacteria or isolated pili in air revealed important aspects of 
the pili ranging from their fine structure to their tendency to form ordered 
assemblies on mica surface (Chapter 2). Intact pili on cells were also used to 
measure the dimensions of pili. Whereas the broken pili fragments were found to 
form star-like assemblies, pili isolated by high-speed centrifugation were found to 
arrange themselves in bundles (Figure 1a). 
5.2.1. Isolated pili form star-like assemblies on mica. 
We used AFM imaging in air to decipher the nanoscale structure, 
organization and assembly of LGG pili. When LGG cells from cultures at mid-
exponential phase were incubated on mica and observed in dry conditions, most 
cells exhibited multiple filaments that had an average length of 1 µm and average 
diameter of 5 nm. Importantly, pili could never be imaged in liquid. Pili that had 
detached from the cells, probably due to peptidoglycan remodeling in the cell wall 
or the force associated with drying of the sample, formed two-dimensional 
assemblies with star shapes (Fig. 1a, left). That LGG pili are able to interact with 
each other is consistent with the notion that pili from Gram-positive bacteria, in 
addition to mediating bacterial-host interactions, are known to promote bacterial 
aggregation through pili-pili bonds 170. As the SpaC pilin subunit is present at the 
tip and dispersed along the pilus length, it must have an important role in star 
formation or inter-pili cross-bridges 15. In the future, changing the composition of 
the pili base and pili tip through genetic engineering should allow us to clarify the 
nature of the molecular interactions involved in forming star-like assemblies 
(lectin-glycan interaction, hydrophobic interaction). 
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Figure 2. Potential advantage of spring-like behaviour of pili. (a) Cells (yellow) with 
pili exhibiting spring-like behaviour can withstand better the force due to liquid flow (blue 
arrows) in the host gastrointestinal tract. Such pili can extend in response to force and 
continue to maintain contact with host tissues (buff-colored row of cells with filiform 
microvilli). (b) Pili lacking the spring behaviour are unable to withstand high shear stress 
and lose contact with host tissues. (pili drawn much enlarged to show fine structure). 
 
A number of pili had a spring-like appearance, with helical repeats that 
were typically 20-50 nm in length. Spring-like fine structure has also been 
observed for other bacterial species such as P. aeruginosa and E. coli 122, 
215.Consistent with our force data (Chapters 3 and 4), this suggests that helical 
structures observed for LGG pili could have functional roles, i.e. by acting like a 
spring to help the bacteria to reach host cells after initial contact, and by enabling 
them to withstand physiological shear forces encountered during colonization 
(Figure 2). 
 
5.2.2. Centrifugation of pili triggers the formation of bundle-like 
assemblies on mica. 
Pili removed from cells by centrifugation assembled into bundles when 
subjected to high speed centrifugation (20,000 × g) (Figure 1a, right). This finding 
is quite remarkable since pili from Gram-positive bacteria, unlike those from 
Gram-negative bacteria, are covalently attached to the cell wall peptidoglycan 112. 
In earlier studies, Gram-positive pili were generally separated from cells by 
enzymatic treatments involving the use of peptidoglycan hydrolases such as N-
acetyl muramidase (mutanolysin) 202. Hence, our protocol circumvented the need 
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for enzymatic intervention. Pili assembled into bundles were surprisingly long, up 
to 10 µm, compared to those that were found separated from cells on mica 
surface. It is possible that bundles formed by centrifugation are stabilized by 
strong lateral inter-pili interactions, thus less sensitive to mechanical forces 
associated with rinsing and drying. In addition the helical repeats for the pili 
present in bundles were apparently longer, in the 50-250 nm range. This 
observation supports the idea that pili behave like springs capable of elongation 
under an external force, like the centrifugal force here, or like the shear fluid force 
present in the gastro-intestinal tract of hosts.  
The pili-pili bonds that lead to bundle formation can be attributed to 
different types of interactions.  Intimate lateral contacts between pili could be due 
to the uniform distribution of SpaC along the length of the pilus fiber, as also 
revealed by immunogold electron microscopy 15. More specifically, the inter-pili 
interactions could result from the presence of a stretch in the SpaC protein 
(amino acid residue 137 till 262) which is similar to the type A domain of the von 
Willebrand factor (vWFA) 15. These domains have been reported in some other 
proteins that participate in the formation of supramolecular structures 295. In 
addition, as pili might be glycosylated and SpaC has lectin activity, it is also 
possible that lectin-glycan interactions take place 15. Finally, non-specific 
interactions, like hydrophobic interactions, could also contribute to strengthen pili-
pili bonds as many bacterial pili are known to be hydrophobic 296. 
Is bundle formation of physiological relevance? Enteropathogenic E. coli 
are known to express bundle-forming pili creating a network of fibers that bind 
together the individual organisms 297. Changes in bundle shape and elongation 
were suggested to induce the approach of the pathogen to the host cell or enable 
microcolonies to spread 122, 297. Although bundles were observed in vitro in the 
present work, they might form in vivo under certain conditions to promote host 
cell interactions. 
 
5.2.3. Towards new applications in nanobiotechnology 
Currently, there is much interest in using bacterial cell surface components 
to create bio-inspired systems and interfaces for nanotechnology 298, 299. We have 
shown that bacterial pili form self-assembled nanostructures on surfaces with 
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remarkable patterns (stars, bundles), depending on preparation conditions, thus 
offering new avenues for building bioactive supramolecular systems. Genetic 
manipulation can be used to ‘design’ pili with controlled properties and these in 
turn can provide a generic approach for the design of biofunctional self-
assembled interfaces. Targeting specific regions of the pili through genetic 
manipulation techniques should allow researchers to alter the properties that 
govern their biomolecular interactions, and, in turn, the structure and 
functionalities of the resulting assemblies. Our experiments should also find 
broad applications in life sciences for understanding pili-mediated cellular 
functions. For instance, the manipulation of individual pili with AFM tips modified 
with specific bioligands should allow the exploration of the forces that drive their 
attachment to host cells. To summarize, genetically engineered pili combined 
with techniques such as AFM that provide for precise control and measurements 
could reveal key aspects of the molecular bases of bacterial-host interactions. 
5.3. The LGG pilus shows remarkable adhesion and nanomechanical 
properties 
Using SMFS, we investigated the binding mechanism and mechanics of 
individual pili (Chapter 3). The results show that SpaC is a multifunctional 
adhesin with broad specificity, and that individual LGG pili exhibit two unique 
mechanical responses, i.e. zipper-like adhesion involving multiple SpaC 
molecules distributed along the pilus length, and nanospring properties enabling 
pili to resist high force (Figure 2). 
5.3.1. SpaC mediates homophilic adhesion 
Microbial adhesins are known to mediate aggregation among cells through 
homophilic recognition 300, 301. Therefore, we questioned whether SpaC is 
capable of forming such specific bonds. By measuring the interaction between a 
SpaC functionalized AFM tip and SpaC immobilized onto a surface, we found the 
mean force of adhesion to be ~60 pN. Detachment (rupture) lengths were 
observed at a distance of 30 to 110 nm after the point of contact.  Specificity of 
the interaction was established by conducting control experiments with a non-
relevant protein like bovine serum albumin (BSA) and also by blocking the SpaC 
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on the tips with SpaC antiserum. Adhesion force peaks were well-described by 
the WLC model for polymer extension, using standard parameters applicable to 
polypeptides 302. The magnitude of adhesion force and rupture length indicate 
that the stabilizing internal Ig-like domains of SpaC were not unfolded 242. As the 
putative three dimensional structure of SpaC shows an elongated protein made 
of multiple domains linked end-to-end through flexible regions like linkers and 
hairpins, our observations may correspond to straightening of the multiple 
modules and flexible regions of two SpaC pilins engaged in trans-interactions.  
We also demonstrated that the SpaC-SpaC adhesion force increases 
linearly with the logarithm of the loading rate, as observed for other receptor-
ligand systems including homophilic interactions between mycobacterial adhesins 
and between cadherins 301, 303. Kinetic parameters such as length scale of the 
energy barrier and the kinetic off-rate constant of dissociation at zero force are in 
the range of values obtained for other adhesion proteins 233, 304. The kinetic off-
rate reveals that individual pilins dissociate rapidly, which means that the 
homophilic interactions are highly dynamic. This combined with the observation 
that pili-less cells have impaired aggregation capacity suggests that SpaC-SpaC 
recognition plays a role in mediating bacterial aggregation during host 
colonization. The following table lists some molecular pairs with their kinetic 
parameters. 
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Molecular pair 
 
Kinetic off rate 
(koff) 
(s -1) 
 
Barrier length 
(nm) 
 
Reference 
Cadherin dimer 1.8 0.59 Baumgartner, ref. 303 
 
Dioxygenin-antibody  
 
1st : 0.015 
2nd : 4.56 
 
1st : 1.15 
2nd : 0.35 
 
Neuert, ref. 305 
 
Cohesin-dockerin
   
 
1st : 3 × 10 -5 
2nd : 2 × 10 -17 
3rd : 10 -6 
 
1st : 0.7 
2nd : 1.6 
3rd : 0.6 
 
Stahl, ref. 306 
 
Human serum 
albumin-antibody 
 
6.7 × 10 -4 
 
6 
 
Hinterdorfer, ref. 307 
 
Concanavalin A-
receptor 
 
0.17 
 
0.27 
 
Chen and Moy, ref. 308 
 
Lactose-lactose-
binding IgG 
 
0.9 
 
0.72 ± 0.09 
 
Dettmann, ref. 309 
 
Streptavidin-biotin 
 
1st : 1.67 × 10 -5 
2nd : 2.09 
 
1st : 0.49 
2nd : 0.05 
 
Yuan, ref. 310 
 
Ligand (RGD)-
human platelet 
αIIbβ3 receptor 
 
22.6 
 
0.1 
 
Lee, ref. 311 
 
Ryanodine receptor-
antibody 
 
12.7 
 
0.2 
 
Kada, ref. 312 
 
Sendai purple 
membrane-antibody 
 
6 
 
0.12 
 
Kienberger, ref. 313 
 
Table 1. Molecular pairs and their kinetic parameters 
 
5.3.2. SpaC shows binding capacity towards mucin and collagen 
SpaC has already been shown to bind to mucin, a key extracellular 
component of the intestinal mucosal layer, but the molecular forces involved were 
not known 15. Interactions between as SpaC tip and a mucin surface showed a 
mean adhesion force of ~60 pN and a rupture length in the 10-200 nm range. 
Several pilus-associated adhesins interact with collagen 170, 314. Consistent with 
this, the adhesion force of the SpaC-collagen interaction was found to be ~75 pN, 
with rupture lengths in the 50-200 nm range. The kinetic off-rates of both 
interactions indicate that rapid dissociation of pilin-mucin/collagen bonds could be 
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important for intestinal exploration and colonization, enabling pili to rapidly detach 
and bind new receptor sites. Forces increased linearly with the logarithm of the 
loading rate. Control experiments demonstrated specificity of the probed 
interactions. Overall, we conclude that SpaC adhesin exhibits broad specificity 
and fast dissociation, properties that are likely to make it a suitable anchor for 
LGG in the dynamic environment of the host gut. Yet, the in vivo significance of 
this collagen-binding capacity is not clear yet as extracellular matrix (ECM) 
components are thought to be available for interaction only after disruption of the 
epithelial barrier 315.  
5.3.3. LGG pili exhibit zipper-like adhesion and nanospring behavior 
When we measured the forces between an AFM tip bearing SpaC pilins 
and pili on living LGG bacteria, we observed force plateaus that are known to 
represent the mechanical response of a molecular zipper. The magnitude of the 
plateau force was ~50 pN and occasionally ~100 pN, suggesting each plateau 
force was a multiple of a 50 pN unit force. This value is not too different from the 
~60 pN force measured for the homophilic SpaC-SpaC interaction, suggesting 
that plateau forces may involve the sequential rupture of multiple SpaC-SpaC 
bonds. Force plateaus were never observed between a WT cell and a bare 
silicon nitride tip or in experiments with pililess mutants, confirming specific 
interaction. Since SpaC pilins are known to be abundant along the full pilus 
length, stretched pili may be viewed as strings of SpaC pilins continuously 
detaching from the SpaC-tip 189. Such zipper mechanism has been suggested for 
Gram-positive bacterial pili, but to our knowledge never demonstrated or 
quantified 170. 
Another interesting observation was the presence of large adhesion force 
peaks with linear shapes and constant force steps, sometimes preceded with 
constant force plateaus. Force was directly proportional to extension, indicating 
the stretched pili behaved as springs that obey Hooke’s law. Superimposition of 
multiple force profiles documented a high reproducibility, thus supporting the 
notion they reflect an intrinsic mechanical property of single pili. Estimation of 
pilus spring constant in the different loading regimes suggested they reflect force-
induced structural changes within the pilus leading to stiffer conformations as the 
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applied force increased. Our finding that the LGG pilus functions as a spring 
agrees well with earlier structural and single-molecule data. Gram-positive 
bacterial pili exhibit unique internal isopeptide bonds believed to stabilize the 
pilus mechanical properties 181. At the single pilin level, AFM revealed that Gram-
positive bacterial pilins cannot be unfolded even by large mechanical forces, 
meaning they are completely inextensible 316. Spring-like properties of LGG pili 
are also supported by our AFM images showing that some of them have a helical 
spring-like structure. It is likely that the spring behaviour of the LGG pilus is of 
biological significance as it may help bacteria to withstand physiological shear 
forces while being engaged in bacterial-host and bacterial-bacterial interactions. 
The above results demonstrate that the LGG pilus exhibits two striking 
mechanical responses, i.e. zipper-like adhesion at low force and nanospring 
behaviour at high force. As Gram-positive bacterial pili are formed by covalent 
polymerization and are strengthened by internal isopeptide bonds, 207, 208 they are 
ideally suited to possess zipper-like and spring-like functions 169, 181. By contrast, 
pili from Gram-negative bacteria are formed by non-covalent interactions 
between pilin subunits, explaining why they readily elongate under force as a 
result of the unfolding of their helical quaternary structure 108, 213, 215, 217, 219. This 
elongation is believed to help bacteria to redistribute external forces to multiple 
pili, thereby enabling them to withstand shear forces. In addition, type IV pili from 
Gram-negative bacteria like N. gonorrhoeae are able to exert retractile forces 
involved in twitching motility and host cell adhesion, presumably through filament 
disassembly into the inner membrane 317. In E. coli the fimbrial adhesive protein 
FimH mediates weak adhesion at low flow but strong adhesion at high flow 318, 
319. These observations suggest that pili from Gram-negative and Gram-positive 
bacteria have developed very different adhesion strategies. 
In summary, our single-molecule experiments demonstrate that: i) at the 
single-molecule level, SpaC mediates homophilic (SpaC-SpaC) and heterophilic 
(SpaC-mucin, SpaC-collagen) interactions of similar adhesive strength; ii) the fast 
dissociation rate of these interactions could be important for intestinal 
colonization, enabling pili to rapidly detach and bind new receptor sites; iii) the 
LGG pilus mediates SpaC zipper-like interactions involving multiple adhesins 
distributed along the pilus, iv) it also functions as a nanospring capable to 
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withstand large mechanical loads, and showing stepwise transitions presumably 
reflecting structural changes. The broad binding specificity, zipper-like 
interactions and spring-like properties of LGG pili may have an important 
functional role in strengthening bacterial interactions (Figure 3). Following initial 
contact, multisite attachment down the pilus length would pull the bacteria closer 
to the host cells leading to firm and intimate contact. Then, pilus-mediated 
bacterial aggregation would contribute to strengthen colonization and biofilm 
formation. During these processes, the pilus spring behaviour may help the 
bacteria to withstand physiological shear forces. Increasing the external force 
would lead to structural transitions which in turn would lead to stiffer pilus 
conformations. Altogether, these mechanical properties would explain the 
prolonged intestinal residency time observed for LGG compared to that of 
nonpiliated lactobacilli 15, 189. 
 
 
 
Figure 3. Molecular mechanism of pili-mediated adhesion. SpaC specifically binds to 
mucin and collagen, two major extracellular components of host epithelial layers, and is 
also engaged in homophilic adhesion. While the SpaC molecular zipper provides a 
powerful mechanism to strengthen bacterial-host and bacterial-bacterial adhesion, the 
spring properties of pili enable the bacteria to withstand high shear stress. (Reprinted 
from Chapter 3) 
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5.4. Single-LGG cells use nanosprings and nanotethers to colonize 
surfaces 
 
 
Figure 4. Pili-mediated adhesion of LGG to various surfaces. (a) Adhesion of LGG to 
a hydrophobic surface is marked by spring-like behaviour where increasing force leads 
to progressive stiffening of pili. This feature is likely to help pili in withstanding shear 
force. (b) Nanospring behaviour of pili is also seen for LGG-mucin interaction. (c) 
Adhesion of LGG to Caco-2 cells shows force plateaus. Pili-mediated adhesion of LGG 
to Caco-2 cells is most likely due to membrane tethers which form due to detachment of 
cytoskeleton associated nanotubes on application of increasing external force. 
(Reprinted from Chapter 4) 
 
Single cells of LGG were immobilized onto AFM cantilevers and used to 
probe hydrophobic, mucin and epithelial cell surfaces, revealing how LGG binds 
to these through different strategies (Figure 4). Comparison of the retract curve 
profiles showed that different mechanical responses are involved in the adhesion 
of LGG to solid surfaces (hydrophobic and mucin) and host cells (epithelial Caco-
2 cells) (Chapter 4). In their interaction with hydrophobic and mucin surfaces pili 
behaved as Hookean springs that underwent progressive stiffening with the 
increase in pulling force , very similar to what we found in our previous single-
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molecule work (Chapter 3). Nanosprings were seen as large adhesion force 
peaks with linear shapes and constant force steps. In case of the hydrophobic 
surface, forces were in the range of 250 to 1000 pN and rupture lengths were in 
the range 200 and 2000 nm. Experiments performed with a pililess LGG mutant 
led to disappearance of large force peaks that were seen for nanospring 
behavior. Lower forces and smaller rupture lengths were observed. Interestingly, 
these force profiles were similar to those obtained by Francius et. al. for 
polysaccharide extension experiments with LGG 263. It could therefore be 
concluded that adhesion of LGG to hydrophobic surfaces may in part be due to 
its surface sugars.  
Experiments conducted on a mucin surface also generated force profiles 
reminiscent of nanospring behavior. Even though the force profiles were similar 
to those for the hydrophobic surface, there was a dramatic increase in the 
adhesion frequency, maximum adhesion force and rupture lengths. Sometimes, 
multiple nanosprings were seen on a single retract curve. All these observations 
pointed to strong pili-mucin interactions via multiple specific SpaC-mucin bonds. 
Superimposition of force profiles showing nanospring behavior proved that force-
induced stiffening is an intrinsic property of LGG pili and the values obtained for 
step force and effective spring constant in the different regions of the nanospring 
were very close to those calculated from our single-molecule experiments 
(Chapter 3). Thus, our single cell experiments revealed that LGG pili tend to 
adhere strongly to mucin via strong nanospring events resulting from the 
formation of multiple specific SpaC-mucin bonds. 
Binding to human epithelial cells has already been demonstrated for LGG 
119. We therefore studied the interaction between LGG and Caco-2 cells and 
obtained plateau force signatures that were attributed to membrane tethers 
(Figure 4c). The force plateaus, some as long as 10 µm, indicate that under 
stress the membrane receptors detach from the cytoskeleton and cause the 
membrane tethers or nanotubes to be pulled out 320. Similar force profiles were 
also obtained in experiments with a pililess mutant, indicating that the plateau 
signatures are associated with host cell membranes, and not with LGG pili per 
say. The absence of nanosprings in experiments involving Caco-2 cells and wild-
type LGG could be attributed to the fact that Caco-2 cells produce small amounts 
	  	  
141	  
141	  
of mucin, and thus the absence of SpaC-mucin interaction-related nanosprings. It 
is likely that the interaction between LGG and cells might be mediated by other 
specific adhesion molecules than SpaC pilins. To summarize, our experiments 
with LGG single cell probes indicate that LGG cells employ more than one 
strategy for interacting with surfaces (biotic or abiotic), depending on the nature 
of the surface itself. Understandably, in the natural environment of LGG 
consisting of mucin-covered gut epithelial cells, the ability to specifically bind 
mucin and to participate in the formation of membrane tethers would be very 
useful for colonization and biofilm formation. 
 
5.5. Perspectives 
As is the case with any work of science, the relevance of this work also lies 
in the questions it has raised and the research avenues it has opened up. What 
follow are some key ideas for future work. To begin with, it remains to be 
elucidated how the covalently bound pili of LGG are released from cells when a 
physical stress (centrifugation) is applied. For pili-related studies on bacteria, it 
would be interesting to quantify a threshold value of centrifugation speed for the 
bacterial strain under investigation above which pili detach from cells. It is already 
known that cell preparation protocols may alter the surface properties of cells 321. 
An understanding of detachment threshold of pili would help improve the existing 
cell preparation protocols to ensure that pili are retained/ detached as per the aim 
of the experiment. It is also important to check whether the centrifugation-induced 
detachment of pili from cells is a purely physical phenomenon or a biological 
response triggered by some mechanosensitive component of the cell envelope. 
Alternatively, it could also be a consequence of accelerated cell wall remodeling 
in response to an abnormal stress that is not encountered in natural 
environments inhabited by the bacteria 322.  
With regard to the fine structure of pili, it would be interesting to investigate 
the exact physiological relevance of the spring-like structure of pili. Because the 
feature seems to be present in pili of more than one species (both Gram-negative 
and Gram-positive), could this presumably advantageous feature be conserved 
across different species? In this work LGG pilus was shown to interact with 
biomolecules such as collagen and mucin. A key question arises about the 
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relative contribution of specific and non-specific components of interaction 
between pili and host tissues and how can this be harnessed to enhance 
adhesion between probiotic bacteria and host. Also how the host-bacterium 
(probiotic or pathogenic) interaction is affected by properties such as elasticity 
and charge distribution on the host cell surface could be an interesting line of 
research to pursue. It is known that the SpaFED pili gene cluster in LGG is not 
expressed under normal laboratory conditions. There is a possibility that the 
SpaFED pili are adapted to and hence expressed in a different ecological niche 
than that in which the SpaCBA pili are expressed. To validate this, it might be 
useful to compare the transcription induction patterns of the SpaFED gene cluster 
when LGG is grown in different media containing various putative glycan or 
protein receptors. It would also be useful to carry out site-directed or random 
mutagenesis studies on the pilins, followed by subsequent phenotypic analysis to 
dissect the functional contributions of the various regions of the pilins. During the 
writing of this thesis, Singh et. al. reported the successful purification, 
crystallization and preliminary crystallographic analysis of the SpaA protein of 
LGG pili 323. Such structural biological studies on the individual pilins could also 
prove valuable to our current understanding of LGG pili. Extending such 
investigations to cover the other two pilins, especially the adhesin SpaC, could 
yield valuable Information about the structure-function relationships for this 
protein. 
From a technical perspective, it would be most useful to complement the 
current work with other complementary state-of-the-art detection and probing 
methods such a super resolution fluorescence microscopy and high-speed AFM 
324, 325. HS-AFM could be used to study LGG pili and other surface constituents 
with regards to their structure, dynamics and interactions with drugs at 
unprecedented speed. The method has already been successfully applied to 
probe bacterial surfaces in a study by Yamashita et. al. who achieved a 
resolution of 2 nm in detecting the movement of bacterial surface structures 288. 
Peak-force tapping AFM which helps eliminate damaging lateral force for imaging 
relatively soft samples such as bacterial envelopes could also be used to study 
LGG. Apart from the aforementioned advantage, the force-distance curves 
	  	  
143	  
143	  
obtained for peak force AFM can be used to generate adhesion and mechanical 
maps for LGG cell envelope, thus correlating physical properties with function 326.  
Super resolution fluorescence microscopy can be used to detect 
interactions by multicolor colocalization and to record dynamic processes on 
surfaces of live bacteria 325. Whereas diffraction phenomena limit the resolution of 
light optical microscopy to ~250 nm, a lateral resolution of ~20 nm has been 
established experimentally for super resolution fluorescence microscopy 
techniques such as stimulated emission depletion microscopy (STED), stochastic 
optical reconstruction microscopy (STORM) and photoactivated localization 
microscopy (PALM) 325. Using live-cell PALM the actin homolog MreB was found 
to be organized as a band-like structure and another ring-like structure at 
different stages of the cell cycle in the bacterium Caulobacter crescentus 327. In 
another study Sharma and coworkers used correlative AFM and STED to 
uncover actin-mediated biomechanical remodeling in cisplatin resistant ovarian 
cancer cells 328. It would be interesting to employ such correlative AFM and super 
resolution fluorescence microscopy techniques to study the localization of other 
host-factor binding constituents (such as SpaC) on the surface of LGG and detect 
the interactions mediated by these. Also, it might be interesting to study the 
glycosylation status of LGG pili using fluorescently-labelled lectins in combination 
with super resolution fluorescence microscopy and AFM. To sum up, even 
though this work has led to valuable insights into pili-mediated interactions of 
LGG, much remains to be done to fully understand these versatile organelles in 
probiotic bacterial strains.  
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AFM study of variability in pili expression among some LGG 
frozen stocks 
 
INTRODUCTION 
Microbial domestication for research or commercial purpose has been 
found to be associated with changes in the genetic makeup of the organism. 
Microorganisms can evolve through modification of existing genes, gain of genes 
or loss of genes 1. The shift from a complex and dynamic environment to one that 
is highly controlled and stable with regard to nutrient supply and physico-
chemical conditions understandably calls for metabolic simplification. The missing 
selective pressure can sometimes result in loss of genes that are valuable for 
clinical or commercial applications of bacteria. Interestingly, loss of function has 
also been found to be important for bacterial adaption to challenging 
environments 2. The transition from being a generalist to a specialist and possibly 
even a separate species is accompanied by gain as well as loss of functions. 
Genes that contribute to increased fitness in the new environment will be 
maintained and passed onto succeeding generations. In contrast, those genes 
that do not contribute positively to the new lifestyle and become a liability in terms 
of the metabolic cost incurred for producing a useless gene product will be lost. 
For example, a study involving the obligate intracellular pathogen Mycobacterium 
leprae indicated that this species may have lost over 2000 genes since diverging 
from the last common mycobacterial ancestor 3.  
In the area of probiotic research and development, human isolates are 
routinely cultured for several generations in rich medium and in relatively large 
volumes. The increasing availability of lactic acid bacterial genome sequences 
and development of comparative genetic toolkits have facilitated studies in which 
one can compare a plant or animal isolate with strains that have been propagated 
in relatively stable environments such as those maintained in research 
laboratories or dairy industry. In a study on 17 isolates of Lactobacillus casei from 
dairy, plant and animal sources, it was seen that the evolution of dairy niche 
specialists involved gene decay 4. Experimental evolution studies conducted on a 
plant isolate of Lactococcus lactis propagated in milk for 1000 generations also 
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demonstrated adaptation to the dairy niche involving loss of genes dispensable 
for growth in milk 5. As explained in the introductory text of this thesis, 
Lactobacillus rhamnosus GG (LGG) is a widely researched and commercially 
used prototypical probiotic Lactobacillus strain. For such an organism being 
routinely used in dairy and supplemental formulations, it is important to ensure 
that traits influencing or directly responsible for the probiotic action are stably 
maintained and passed on to succeeding generations. It is vital to the 
functionality of the probiotic product that genes involved in interaction with the 
host are not lost as a result of metabolic simplification triggered by a stable 
environment. In our short study, we looked at the variability in pili expression 
among various laboratory cultures of LGG derived from stocks maintained at the 
Center of Microbial and Plant Genetics at the Faculty of Bioscience Engineering 
of KU Leuven, Belgium. 
 
EXPERIMENTAL SECTION 
Microorganisms and culture. LGG (ATCC 53103) derived from different 
stocks were obtained from Center of Microbial and Plant Genetics at KU Leuven 
and stored in 25% (v/v) glycerol at -80 °C. Cells were revived by streaking on 
MRS agar and allowed to grow at 37 °C for 48 h. Preculture was initiated by 
inoculating a single colony of bacteria into 10 mL of MRS broth. This preculture 
was used to inoculate fresh MRS broth, and the cells were kept at 37 °C for 8 h 
(optical density of culture 0.8 – 1.0 at 595 nm) following which they were 
harvested for study. 
Atomic force microscopy. AFM contact mode images were obtained in 
air, at room temperature, using a Nanoscope V Multimode AFM (Nano Surfaces 
Business, Bruker Corporation, Santa Barbara, CA), MSCT cantilevers with a 
nominal spring constant of 0.01 N/m, and a scanning rate of 2 Hz. For sample 
preparation, the cell suspension was diluted 10 times in acetate buffer. 100 µl of 
the cell or pili suspension were put in contact with freshly cleaved mica supports 
mounted on steel pucks. The samples were incubated for 2 hours at 30°C, gently 
rinsed in three successive baths of acetate buffer and allowed to dry at 30°C for 2 
hours.  
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RESULTS AND DISCUSSION 
 LGG cells imaged in air show varying degree of piliation. LGG cells 
imaged in air were decorated with filaments that could be unambiguously 
attributed to pili, based on our earlier observations (Figure 1).  
Pili were found to be present attached to the cells and as isolated 
filaments lying on the mica surface (Figure 1). Isolated pili were often seen 
arranged in star-like conformations often with several filaments projecting 
outwards radially from a common point. The pili dimensions matched those 
obtained from our earlier observations with lengths of 1 – 2 µm and diameter of 4 
– 6 nm.  
 
However, there was a noteworthy difference in the degree of piliation among 
bacteria derived from different cultures with some bacteria being entirely devoid 
of pili (Figure 2). On one hand, some cultures displayed a high amount of pili 
whereas other cultures showed a complete absence of pili. Because we viewed 
the pili in a native, unlabeled state and the AFM methodology used could only 
detect polymerized pilus filaments, it is difficult to conclude the reason for 
absence of pili. There could be two likely causes: (i) loss of pili due to loss of pilus 
genes, or, (ii) failure of the polymerization machinery.  
 Following reports on genome instability in LGG, it may be speculated that 
the laboratory stocks lacking pili may have lost pili genes. Sybesma and co-
workers recently reported the results of their comparative genomic studies 
involving three LGG isolates from dairy products 6. When compared to the 
reference strain ATCC 53103, two out of the three LGG isolates had major DNA 
segments missing. Two genomic islands LGGISL1, 2 that contain genes for 
SpaCBA pili of LGG were found to be missing major DNA segments. Subsequent 
studies found that out of 6 commercial products, two or more had mixed 
populations, containing LGG cells with and without pili. In another study, 100 
Lactobacillus rhamnosus strains from diverse habitats were studied and two 
geno-phenotype groups were evident 7. One of the two groups displayed signs of 
niche specialization associated with stable nutrient-rich environments such as 
milk-derived products and the other group consisted of generalist strains that 
were adapted to variable habitat such as the intestinal tract.  
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Figure 1. AFM contact mode images of LGG cells showing pili. The images show 
varying degree of piliation on LGG. Pili can also be seen in star-like configurations on the 
mica surface. 
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Figure 2. AFM contact mode images of LGG showing absence of pili. Some cultures 
of LGG consisted of either heterogeneous populations of piliated and non-piliated cells 
whereas others were entirely devoid of pili.  
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It is interesting to note that the spaCBA gene cluster is flanked by 
numerous insertion sequence elements making this chromosomal region of the L. 
rhamnosus genome a hotspot for genetic recombinations. It is known for LGG 
that even a single mutation can result in absence of functional SpaCBA pili. In the 
same study, it was also revealed that poor mucus-binding ability was seen for 
strains with pili gene decay 7. The study concluded that SpaCBA pili were most 
likely to be present in human intestinal isolates where these organelles determine 
adhesion to mucus and subsequent colonization of host tissue. By contrast, dairy 
isolates of L. rhamnosus and those from oral and vaginal cavities lacked SpaCBA 
pili. Consequently, it is likely that the absence of pili in cells from certain LGG 
stocks might be a consequence of gene decay or gene loss.	  
CONCLUSIONS AND PERSPECTIVES 
 Genetic rearrangements that result in loss of a gene of interest are a threat 
to the functionality of products containing live organisms. For LGG, SpaCBA pili 
are chief determinants of its ability to interact with the human host. The longer 
residency time and consequently the resulting health benefits of LGG compared 
to non-piliated lactobacilli have been attributed to SpaCBA pili. Loss of pili genes 
would lead to decreased adhesion and immunomodulatory effect of LGG in dairy 
and other clinical formulations. On a larger commercial scale, this can lead to 
serious quality assurance issues. Therefore, it is important to introduce steps in 
the industrial process to verify the presence of factors that determine probiotic 
efficacy of products. The strains being used commercially should be checked 
from time to time to ensure that they remain true-to-type with regard to the strains 
on which their health claims have been based.  
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Variability in expression of pili in recombinant  
Lactococcus lactis  
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Variability in expression of pili in recombinant Lactococcus lactis   
 
INTRODUCTION 
 Lactic acid bacteria (LAB) are an extensively-studied group due to their uses 
in dairy industry and the discovery that they are important inhabitants of the human 
body microflora. In order to better exploit and manipulate their beneficial effects, it is 
imperative that we develop a clear and thorough understanding of these bacteria. 
Many strains of LAB are well-knows probiotics and are being used by members of 
the public in clinical or supplemental form. When compared to the current extent of 
their utilization, our knowledge of the mechanisms and factors governing the effects 
of probiotics is still inadequate at best. Therefore, it is very important that we develop 
systems that enable us to dissect the probiotic ability with an aim to eventually 
control and manipulate it for human benefit. LGG is a transient member of the 
normal human gut microflora and one of the best studied and utilized probiotic. The 
sequencing of its complete genome and the subsequent discovery of human mucus-
binding pili on its surface have turned LGG into an exciting prototypical probiotic 1, 2. 
More recently, it has been shown to exert immunomodulatory effects on the host, a 
property which has also been related to the presence of the heterotrimeric SpaCBA 
pili on its surface 3. 
 Lactococcus species have been successfully utilized as cloning workhorses 
of LAB and are routinely employed for recombinant expression of proteins 4. In fact 
Lactococcus lactis has already been successfully used for the recombinant 
expression of whole pili or pilus subunits from other Gram-positive bacteria 5, 6. The 
recombinant L. lactis investigated in this work was engineered to express whole, 
functional LGG pili consisting of the three pilus subunits. We used AFM to study the 
pili-expressing L. lactis and to compare it with the reference wild-type L. lactis which 
does not express pili. 
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EXPERIMENTAL SECTION 
Microorganisms and culture. Lactococcus lactis NZ9000 a derivative strain 
of L. lactis MG1363, and herein called GRS71 and the recombinant L. lactis 
(GRS1185) containing the nicin-inducible vector pKTH5080 which in turn contained 
the coding region of the spaCBA pilus operon were obtained from Dr. Ingemar von 
Ossowski (Department of Veterinary Biosciences, Faculty of Veterinary Medicine, 
University of Helsinki, Helsinki, Finland). The cells were stored in 25% (v/v) glycerol 
at -80 °C and revived by streaking on M17 solid media supplemented with 0.5% 
glucose. Cells were allowed to grow at 30 °C for 48 hours, after which a single 
colony was inoculated into 10 ml of M17 broth (also supplemented with 0.5% 
glucose) and left to grow overnight statically. This preculture was used to inoculate 
fresh M17 broth, and the cells were kept overnight at 30 °C for (optical density of 
culture 0.8 – 1.0 at 600 nm) following which they were harvested for study. For the 
mutant strain GRS1185, similar procedure was followed upto preculturing, except 
that the media (solid and liquid) were supplemented with 7.5 µg/ml Chloramphenicol. 
After inoculation with preculture, the culture was allowed to grow upto 0.5 O.D. at 
600 nm. At this point cells were treated with 3 ng/ml of nisin (to induce pili 
expression) and allowed to grow overnight.  
Atomic force microscopy. AFM contact mode images were obtained in air, 
at room temperature, using a Nanoscope V Multimode AFM (Nano Surfaces 
Business, Bruker Corporation, Santa Barbara, CA), MSCT cantilevers with a nominal 
spring constant of 0.01 N/m, and a scanning rate of 2 Hz. Cells were either imaged 
in untreated state or following centrifugation at 8000 × g for 30 min. For sample 
preparation, the cell suspension was diluted 10 times in acetate buffer. 100 µl of the 
cell or pili suspension were put in contact with freshly cleaved mica supports 
mounted on steel pucks. The samples were incubated for 2 hours at 30°C, gently 
rinsed in three successive baths of acetate buffer and allowed to dry at 30°C for 2 
hours.  
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RESULTS AND DISCUSSION 
 L. lactis wild-type cells show total lack of pili. The AFM contact mode 
images obtained for wild-type L. lactis cells show a total lack of pili (Figure 1. a, b). 
The untreated cells are seen to be devoid of pili and surrounded by debris from the 
culture. The “centrifuged cells” are also devoid of pili, and there is negligible amount 
of debris due to removal by centrifugation (Figure 1. c, d). This result is consistent 
with the expected absence of pili in wild-type L. lactis cells.  
 
	  
 
Figure 1. AFM contact mode images of L. lactis wild-type cells (GRS71) show 
total absence of pili. Untreated wild-type cells shows absence of pili and also seen 
is cellular debris and culture medium constituents (a, b). Wild-type cells centrifuged 
at 8000 × g for 30 min also showed a total absence of pili and the cellular debris was 
also removed leading to a cleaner substrate surface (c, d). 
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To our knowledge, there is only a single isolate of L. lactis which has been 
demonstrated to synthesize pili 7. This isolate denoted as TIL448 showed a high 
capacity for adhesion to Caco-2 intestinal epithelial cell line. TIL448 was found to 
contain four unique plasmid-encoded genes that were absent in six other L. lactis 
strains included in this study. In another study, for the L. lactis strain IL1403 pili 
could not be detected under standard growth conditions. However, over-expression 
of the pili operon resulted in synthesis and display of pili giving rise to auto-
aggregative phenotype that also showed enhanced biofilm-formation capacity 8. 
 
	  
	  
Figure 2. L. lactis GRS1185 cells showed presence of pili. Untreated GRS1185 cells 
shows presence of pili which are either attached to cells or lying on the substrate. Pili 
detached from cells are found isolated or arranged in star-like configuration (a, b). GRS1185 
cells centrifuged at 8000 × g for 30 min showed a total absence of pili (c, d). 
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 L. lactis GRS1185 cells displayed pili on their surface. The recombinant L. 
lactis GRS 1185 cells showed presence of pili which are either attached to cells or 
lying on the substrate (Figure 2. a, b). When put through centrifugation at 8000 × g 
for 30 min, the mutant cells were stripped off of pili (Figure 2. c, d). This is similar to 
our earlier observation that LGG cells imaged after centrifugation were devoid of pili. 
The pili were similar in dimensions to those observed for LGG, ranging 1 – 2 µm in 
length and few micrometers in diameter. Pili that had separated from cells were seen 
either as isolated fragments or in star-like assemblies seen earlier with LGG. 
 
	  
	  
Figure 3. L. lactis GRS1185 cultures displayed variability in pili expression. Untreated 
cells from some GRS1185 cultures showed low or negligible levels of pili expression. The 
cells otherwise appeared normal in shape and size. 
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L. lactis GRS1185 cultures displayed variability in pili expression. For 
the recombinant GRS1185 there were subtle to drastic differences in pili expression 
(Figure 3).  
This variability was observed within and between cultures, with some cells 
expressing dense pili whereas others with a near total lack of pili. As in the case of 
pili expression variability of wild-type LGG cells, it may be speculated that lack of pili 
could be due to loss of pili due to failure of expression of the engineered pilus 
operon genes at the level of subunit expression or polymerization or a glitch in the 
nisin-inducible system. Recombinant gene expression in L. lactis has been studied 
for a long time now. Expression systems based on the lactose-inducible lac operon, 
E. coli bacteriophage T7 promoter combined with the T7 polymerase gene fused to 
the lac operon promoter and a lactococcal bacteriophage-based system have been 
developed 9-11. However, all these systems suffer drawbacks due to inadequate 
control of the expression level (low or too high) or lack of wide applicability due to 
the nature of source organism (E. coli). Nisin is an antimicrobial peptide secreted by 
certain strains of L. lactis and introduction transcription of the mutated ΔnisA can be 
restored by adding subinhibitory amounts of nisin or nisin analogs to the culture 
medium 12. To create the GRS1185 a recombinant plasmid was generated by 
inserting the coding region of the spaCBA pilus operon into a nisin-inducible 
expression vector. Although, the piliated lactococci proved to be a useful tool for 
testing the immunomodulatory effects of SpaCBA pili, the nisin-inducible system 
could hold clues to the variability in pili expression 13. It is known that nisin is less 
stable at physiological pH, which might be the reason for its inadequate induction 
capacity in the culture medium. A notable variability in the number of pili per cell was 
also visible in electron microscopic studies involving GRS1185 13.  
 
CONCLUSIONS AND PERSPECTIVES 
 To summarize, our AFM observations of piliated L. lactis are in agreement 
with those of von Ossowski and co-workers. We observed pili on the GRS1185 cells 
and absence of the same was confirmed on the wild-type GRS71 cells. L. lactis 
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based systems are already widely used for expression of proteins from LAB, but 
there is clearly a scope for the development of systems that afford better control 
over quantitative and inducer-dependent aspects of the process. In general, 
identification of inducers that retain their integrity and functionality on encountering 
the physico-chemical environment of the bacterial culture medium would greatly 
benefit lactococcal and other bacterial expression systems.  
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